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The world is facing global ecological changes, making it essential to prepare 
the future generation with the necessary understanding to effectively navigate 
and address complex tasks. Previous research has shown that both systems 
thinking and scientific modeling are particularly relevant in investigating the 
comprehensive understanding of such complex phenomena. However, there has 
been little research on the interrelation between systems thinking and scientific 
modeling. To address this research gap, we conducted a thinking-aloud study with 
nine high school students by confronting them with a simulation of a dynamic 
ecological system. Our qualitative content analysis of the students’ statements 
indicates an interrelation between systems thinking and scientific modeling. The 
students infrequently show systems thinking during the exploration, whereas 
when developing a graphical model, the students are involved in identifying the 
system organization and analyzing the system behavior. When predicting future 
system states, students engage in modeling the system evolution. Furthermore, 
during verbalizing analogies and experiences, students refer to the system 
organization and behavior, whereas in mental modeling, students additionally 
model the system evolution. These results illustrate a central difference between 
the two perspectives. Thus, scientific modeling focuses on students’ activities 
during their understanding process, while systems thinking addresses students’ 
analysis of systems and their properties. While the phenomenon exploration may 
not require systems thinking, pattern recognition and model development are 
frequently associated with identifying the system organization and analyzing the 
system behavior. Systems thinking must also be applied when deriving possible 
future system states by modeling the system evolution, an activity that is closely 
related to the prediction phase of scientific modeling. Interestingly, in our study, 
the students also demonstrated the modeling of system evolution in their mental 
modeling. In conclusion, a complementary consideration of systems thinking 
and scientific modeling affords a deeper understanding of students’ cognitive 
processes in dealing with complex phenomena.
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1. Introduction

Attention to global changes and its consequences have increased immensely over the last 
decades. The world is facing global social and environmental issues. One of them is biotic 
homogenization including several losing and a few winning species (McKinney and Lockwood, 
1999). Of particular concern are invasive alien species, as they are a significant threat not only 
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to biodiversity (Early et  al., 2016). Invasions negatively affect 
ecosystem stability and have a direct impact on habitat design, 
ecosystem performance, agricultural success, the spread of diseases, 
and human well-being (IPBES, 2019). To deal with such global 
challenges, a comprehensive understanding of biodiversity and 
ecosystem functioning is critical for constructive policy and 
management (Early et al., 2016). Future generations must be prepared 
for these tasks by developing a holistic understanding of global 
changes facing the world community (NGSS Lead States, 2013; 
Ladrera et  al., 2020). This issue persists, as the findings of the 
Programme for International Student Assessment (PISA) reveal that 
students with little knowledge and skills have naïve and unrealistic 
ideas about the self-regulation of the world, whereas scientifically 
educated students are able to make realistic assessments based on 
ethical reasoning (OECD, 2022). Hence, science education aims to 
provide students with a set of essential skills and subject-specific 
concepts that can be used as a basis for dealing with decision-making 
and problem solving in issues of global concern as well as everyday life 
challenges (National Research Council, 2012; NGSS Lead States, 
2013). Systems thinking and scientific modeling are cognitive activities 
discussed in the context of a deeper understanding of such complex 
phenomena in dealing with personal, social, and global challenges 
(Jackson et al., 1991; Hogan, 2000; Gotwals and Songer, 2010; NGSS 
Lead States, 2013; Bielik et  al., 2021). Both are directly related to 
understanding complex phenomena, but from different perspectives: 
Scientific modeling focuses on the process of accessing complex 
phenomena and primarily addresses how students proceed, whereas 
systems thinking primarily addresses how students analyze complex 
systems. Even though it seems plausible that there might be a close 
relationship between systems thinking and scientific modeling, the 
connection between the two perspectives has not yet been investigated 
systematically. This study investigates how students integrate systems 
thinking and scientific modeling when instructed to develop a model 
that explains the observed population dynamics of an ecological 
system invaded by an alien species.

1.1. Systems thinking

Systems thinking is a cognitive skill that provides the theoretical 
concepts for explaining and predicting natural phenomena (Verhoeff 
et al., 2018). In recent years, systems thinking has been examined for 
a variety of systems in manifold contexts, such as ecology (Riess and 
Mischo, 2010; Eliam and Reisfeld, 2017; Dor-Haim et  al., 2022), 
human physiology (Liu and Hmelo-Silver, 2009; Tripto et al., 2018; 
Kiesewetter and Schmiemann, 2022), cell biology (Verhoeff et al., 
2008), and biogeochemistry (Ben Zvi Assaraf and Orion, 2005; Lee 
et al., 2019; Torkar and Korfiatis, 2022). All (biological) systems share 
universal characteristics. For example, systems are composed of 
system elements that together form a complex whole. Ecosystems 
encompass the entirety of abiotic and biotic factors within a specific 
habitat. Despite their interconnectedness, (eco-)systems are open to 
their environment, allowing for the exchange of matter, energy, and 
information. Generally, the openness of systems is closely related to 
the dynamics of systems. Systems with constant composition of 
elements may exhibit temporary behavioral stability. However, over 
the long term, system dynamics can be  significantly affected by 
internal factors or external disturbances, such as the presence of alien 

species as a destabilizing element (Andrade et al., 2015; Mehren et al., 
2018). Understanding the complexity of system dynamics can 
be challenging (Wellmanns and Schmiemann, 2022). This especially 
applies to ecological systems undergoing degradation, which results 
in significant modifications to the ecosystem, leading to noticeable 
changes in species composition and overall dynamics (Zimmerman 
and Cuddington, 2007).

Several frameworks of systems thinking exist alongside each other 
(Ben Zvi Assaraf and Orion, 2005, 2010; Hmelo-Silver et al., 2007; 
Verhoeff et al., 2008; Riess and Mischo, 2010; Sommer and Lücken, 
2010; Boersma et al., 2011; Hokayem and Gotwals, 2016; Hmelo-Silver 
et al., 2017; Snapir et al., 2017; Mehren et al., 2018; Gilissen et al., 2020; 
Mambrey et al., 2020; Momsen et al., 2022). However, many of these 
frameworks incorporate similar cognitive skills, even if individual 
frameworks assume different relationships between these skills or 
define additional skills (e.g., Ben Zvi Assaraf and Orion, 2005; Mehren 
et al., 2018). Most systems thinking frameworks consider in some way 
the following three skills: identifying the system organization, 
analyzing the system behavior, and modeling the system evolution. 
The first skill, identifying the system organization, covers recognizing 
the structure and boundaries of the system as well as identifying the 
elements and their relationships (Ben Zvi Assaraf and Orion, 2005; 
Evagorou et al., 2009; Riess and Mischo, 2010; Sommer and Lücken, 
2010; Hmelo-Silver et al., 2015; Mehren et al., 2018; Mambrey et al., 
2020). The second skill includes analyzing the system behavior by 
capturing system interactions and dynamics as well as emerging 
patterns (Ben Zvi Assaraf and Orion, 2005; Hmelo-Silver et al., 2007; 
Sommer and Lücken, 2010; Mehren et al., 2018; Mambrey et al., 2020). 
The third skill incorporates modeling the system evolution and thus 
the development of predictions (Ben Zvi Assaraf and Orion, 2005; 
Mambrey et al., 2020), possibly to derive regulatory measures (Riess 
and Mischo, 2010; Mehren et al., 2018). Overall, the naming of the 
individual skills is consistent with the terminology of Mambrey et al. 
(2020), who conducted research in the field of ecology, and thus based 
on the work of Mehren et al. (2018), who originally derived the three 
listed skills theoretically and empirically tested their model in the 
context of geography.

In addition to describing individual skills that constitute systems 
thinking, it is possible and reasonable to consider the complexity of 
systems thinking (Hokayem and Gotwals, 2016; Lee et  al., 2019). 
Systems can be big or small, and relationships and behaviors may 
be  simple or complex. Notably, there is a considerable difference 
between the degree of linkage in relationships (Jin et  al., 2019; 
Mambrey et al., 2020, 2022b). Simple relations immediately connect 
two elements. Whereas relationships that involve a minimum of three 
elements form either a linear chain or a complex linkage through a 
central node. This can be well exemplified with a food web and the 
representation thereof. A statement mentioning rabbits eating grass 
would name a simple relationship (Mambrey et al., 2022b). This direct 
predator–prey relationship would be graphically represented by an 
arrow from prey to predator within a food web. In addition, a typical 
linear linked relationship is a food chain between a carnivore and a 
producer. The populations of grass, rabbit, and predator form a food 
chain as the elements are linked by two arrows in an unbranched 
manner. In contrast, we define all relationships as complex linked that 
do not represent mere chains but contain at least one branch 
(Mambrey et  al., 2022a). The most simple example of a complex 
relationship is food competition between two herbivores such as 
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rabbit and goose for grass, as the system is branched starting from the 
grass as central node. Previous research in the context of ecology 
shows that students often prefer to refer to low linked relationships 
including a small number of elements as an increased number of 
elements in a system strongly affects the difficulty of comprehension 
(Strogatz, 2001; Gotwals and Songer, 2010; Hokayem, 2016; Mehren 
et al., 2018; Mambrey et al., 2022b).

1.2. Modeling in systems thinking research

Various authors imply that systems thinking is connected in some 
way with models or modeling (Ben Zvi Assaraf and Knippels, 2022; 
Bielik et al., 2023). However, very different aspects of modeling have 
been emphasized in the systems thinking literature: Various 
frameworks explicitly include modeling as a systems thinking skill, 
which, however, can describe different skills. For example, modeling 
can involve inferring statements about future system states but also 
understanding and/or creating system models (e.g., Sommer and 
Lücken, 2010; Mehren et al., 2018; Gilissen et al., 2020; Mambrey et al., 
2020; Streiling et al., 2021). From a different perspective, models are 
viewed as representations of complex systems (Streiling et al., 2021; 
Kiesewetter and Schmiemann, 2022; Mambrey et  al., 2022b). In 
addition, they are the starting point for developing predictions 
(Gilissen et al., 2020). External representations of students’ mental 
models are evaluated as expressions of their systems thinking and thus 
serve as an indicator of skill (Ben Zvi Assaraf and Orion, 2005; 
Brandstädter et  al., 2012; Tripto et  al., 2013). From yet another 
perspective, modeling can be  used as an activity and strategy to 
improve systems thinking (Verhoeff et al., 2008; Wilson et al., 2020). 
Modeling thus can have a variety of meanings in the context of 
systems thinking; in this study we focus on the cognitive activity of 
scientific modeling.

1.3. Scientific modeling

Scientific modeling is a practice aimed at examining and 
explaining complex phenomena or systems (NGSS Lead States, 2013; 
Krell et al., 2019; Schwarz et al., 2022). It describes the process of 
gaining access to phenomena that are not completely accessible 
without further examination (Krell et  al., 2019). Accordingly, the 
emerging models are not just products but useful tools for investigating 
phenomena (Gouvea and Passmore, 2017). The process of scientific 
modeling entails activities of model development, evaluation, and 
revision (Schwarz and White, 2005), which can occur individually or 
continuously and in cycles (Oh and Oh, 2011; Campbell et al., 2013; 
Gilbert and Justi, 2016; Krell et al., 2019). The frameworks of Clement 
(1989), Krell and Krüger (2016) and Justi and Gilbert (2002) provide 
a process-oriented conceptualization of modeling activities. Usually, 
the process of scientific modeling starts with the perception of a real-
world phenomenon (Krell et al., 2019), based on which and with the 
activation of analogies and experiences, a mental model arises 
(Upmeier zu Belzen et  al., 2019), which may be  labeled mental 
(Nersessian, 2008), initial (Clement, 1989), or proto-model (Gilbert 
and Justi, 2016). The mental model is expressed or externalized in any 
kind of representation (Justi and Gilbert, 2002; Gilbert and Justi, 2016; 
Upmeier zu Belzen et al., 2019), which is subsequently evaluated for 

consistency (Clement, 1989; Krell et al., 2019). Once this evaluation is 
completed, an epistemological change of perspective may take place: 
A shift toward the epistemic usage of the model can be accomplished 
by working beyond the developmental perspective of scientific 
modeling (Gouvea and Passmore, 2017). This perspective of model 
utilization is characterized by the performance of empirical tests of 
model-based predictions (Clement, 1989; Justi and Gilbert, 2002; 
Giere et al., 2006; Gilbert and Justi, 2016; Krell et al., 2019; Upmeier 
zu Belzen et  al., 2019). Therefore, comparing obtained data and 
predictions provides information on model fit (Krell et al., 2019). If 
the predictions turn out to be true, the model has proven its validity, 
at least within the scope of the predictions, and can fulfill its epistemic 
aim (Justi and Gilbert, 2002; Gouvea and Passmore, 2017; Krell et al., 
2019). If the data do not bear out the prediction, the model needs to 
be revised or rejected (Clement, 1989; Justi and Gilbert, 2002). This 
leads back to the process of model development, thereby revealing the 
cyclic nature of scientific modeling (Schwarz and White, 2005; Oh and 
Oh, 2011; Krell et  al., 2019). However, recent research has 
demonstrated that this cyclic nature of scientific modeling does not 
necessarily describe students’ real procedures, as they tend to omit or 
jump between phases (Knuuttila and Boon, 2011; Meister and 
Upmeier zu Belzen, 2020; Göhner and Krell, 2022). To investigate the 
modeling process depicted, Krell et al. (2019) developed a coding 
manual that allows to analyze student activities during 
scientific modeling.

1.4. Simulation of complex systems

Exploring complex phenomena, like ecosystems in biology, is an 
essential part of science education. However, ecosystems are 
characterized by an effectively infinite number of variables that 
students cannot capture easily. A common tool to investigate the 
understanding processes of complex systems is simulations (Eilam, 
2012; Grotzer et al., 2015; Hmelo-Silver et al., 2015; Yoon et al., 2018; 
Streiling et al., 2021). Simulations give access to complex systems, for 
example, by making the structure and dynamics observable. Due to 
this, simulations are employed in various studies, although there are 
major differences regarding the options for manipulation and the 
research aim. Often, these system simulations are used within 
interventional settings in order to improve systems thinking (Jordan 
et al., 2013; Hmelo-Silver et al., 2017; Yoon et al., 2017; Wiebe et al., 
2019; Eilam and Omar, 2022; Rachmatullah and Wiebe, 2022; Torkar 
and Korfiatis, 2022). A slightly different approach is using simulations 
to foster systems thinking from a modeling perspective (Damelin 
et al., 2017; Bielik et al., 2022; Bowers et al., 2022). However, digital 
tools such as simulations can also be  used as representations of 
complex systems within the context of non-interventional studies as 
integral parts of assessments (Sauvé et al., 2007).

2. Research questions and aim of the 
study

Given the current biodiversity crisis, understanding complex 
phenomena is of paramount importance. Systems thinking and 
scientific modeling are two different but likely interdependent 
perspectives on understanding complex phenomena. In the context of 
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this study, we  sought to examine the relationship between these 
concurrent perspectives more closely. Therefore, we  address the 
following research questions:

 1. Which systems thinking skills do students commonly use while 
analyzing a simulation of a dynamic ecological system?

 2. Which activities of scientific modeling do students commonly 
use while analyzing a simulation of a dynamic ecological system?

 3. How do students’ systems thinking and scientific modeling 
activities interrelate in terms of co-occurrence during their 
analysis of a simulation of a dynamic ecological system?

3. Method

3.1. Simulation of a dynamic ecological 
system

Following these considerations, to engage students with a dynamic 
ecological phenomenon we have developed an interactive data-driven 
web application in R (R Core Team, 2022) utilizing the packages Shiny 
(Chang et  al., 2022) and ggplot2 (Wickham, 2016). The web 
application illustrates the dynamics of an ecological system comprising 
six different species, including pasture grass, red clover, European 
rabbit, graylag goose, Canada goose, and red kite through an 
adjustable line graph showing the relative population sizes and thus 
their changes over time (see Figure 1). Decisive for the dynamic of the 
simulation are multiple predator–prey relationships, whereas the 
individual population sizes are estimated based on coupled differential 
equations by the R package deSolve (Soetaert et al., 2010). Initially, the 

simulation includes populations of pasture grass, red clover, European 
rabbit, graylag goose, and red kite, with the Canada goose being 
introduced later as an alien species. In consequence of the invasion, 
the dynamics of the ecological system are clearly disturbed and 
demonstrate emergent behavior in the extinction of the red kite. The 
participants’ task was to infer the structure of the underlying food web 
based on the observed population dynamics. They were explicitly 
requested to develop a graphical model that explains the observed 
population trends by stating underlying relationships and how the 
species behave in relation to each other. Beyond that, the students did 
not receive any additional information about the species or 
instructions on how to proceed. The development of a graphical 
model was intended to ensure that the students keep their own 
modeling process in mind instead of reasoning on what they 
immediately see (Rellensmann et  al., 2017). Within the web 
application, the participants could select the displayed time period 
and species at any time and as often as they wanted. Additionally, they 
could switch between one line graph for all species and individual 
graphs for each species (see Figure  1) to make it easier for the 
participants to examine individual relationships if desired. The correct 
solution to the students’ task is represented in the food web in 
Figure 2, which served as basis for programming the simulation.

3.2. Data collection

To gain insights into the thinking process of the participants, 
we asked them to think aloud while exploring the given phenomenon 
(Ericsson and Simon, 1993; Zhang and Zhang, 2019). Students were 
tested individually, which avoids social influences and takes into 
account that the given scientific modeling category system (Krell et al., 

FIGURE 1

The simulation analyzed by the students.
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2019) has been proved for individual problem solving, unlike group 
proceedings (Métrailler et al., 2008). The think-aloud protocol was 
explained to the participants and practiced on a simple and 
non-specialized topic before the actual survey started (Oh and 
Wildemuth, 2016). The students were reminded to think aloud and 
graphically develop their model during the survey, if necessary. For 
later evaluation, students’ complete work was recorded (audio, screen 
recording). In addition, students were requested to develop their 
models on a tablet computer utilizing a digital whiteboard that 
enabled them to freely draw and illustrate their ideas (Microsoft 
Corporation, 2020). Since there was no time limitation, students could 
end the survey at any point they wanted, whether or not they judged 
the task to be completed. The mean processing time was M = 43.3 
(SD = 17.7) minutes. Before further analysis, the collected data were 
processed through transcription of the audio files. Transcripts were 
supplemented by screenshots of the recorded graphical modeling 
process, where the audio transcript alone appeared to be ambiguous.

3.3. Sample

Nine German upper secondary level school students participated 
in our study (6 female and 3 male participants). Students’ age ranged 
from 15 to 18 (M = 16.7) years. One-third of the students attended an 
advanced biology course, while the others took a basic biology course. 

Unfortunately, we do not have detailed records of individual students’ 
current and completed biology teaching topics. However, all students 
were enrolled in the qualification phase for the Abitur, the highest 
secondary school diploma and higher education entry certificate in 
Germany. Ecology is one of three main subject areas in biology 
courses during this qualification phase. Courses at both levels include 
concepts regarding anthropogenic impacts on ecosystems and their 
consequences as well as concepts dealing with biodiversity and 
population dynamics (Kultusministerkonferenz, 2004). In addition, 
ecology is also part of the educational standards for the intermediate 
secondary level. Therefore, all students should in any case be familiar 
with basic concepts in the realm of ecology, for example regarding 
ecosystem organization, dynamic processes within ecosystems, and 
predator–prey relationships (Kultusministerkonferenz, 2005).

3.4. Coding scheme

To evaluate the students’ statements, we performed a qualitative 
content analysis (Schreier, 2012; Mayring, 2014) using MAXQDA 
2022 (VERBI Software, 2022), which is a well-established method for 
analyzing qualitative data whose value has already been proven in the 
context of modeling processes and systems thinking approaches 
(Gogolin and Krüger, 2018; Krell et  al., 2019; Wellmanns and 
Schmiemann, 2022; Mambrey et  al., 2022a). For the qualitative 
content analysis, we developed coding schemes based on the model of 
systems thinking by Mambrey et  al. (2020) and the activities of 
scientific modeling described by Krell et al. (2019). In order to evaluate 
students’ systems thinking in detail, we differentiated the levels of 
students’ systems thinking described by Mambrey et  al. (2020). 
We  added multiple subcategories using a deductive approach to 
account for nuances in students’ systems thinking (Schreier, 2012): 
We  broke the level of direct relations down by distinguishing 
unidirectional relations and bidirectional relations. The level of linear 
relations was divided into linear relations bridging one element and 
linear relations bridging multiple elements. Similarly, we distinguished 
complex relations bridging one element from complex relations 
bridging multiple elements (see Mambrey et al., 2020). An overview 
of the coding scheme is given in Table 1. For the coding of students’ 

FIGURE 2

Food web underlying the simulation. It is not shown to the students.

TABLE 1 Overview of students’ levels of systems thinking in the context of a dynamic ecological system.

Level

Systems Thinking Skill

Identifying System 
Organization

Analyzing System 
Behavior

Modeling System 
Evolution

Reasoning Based on Simple Relations

Unidirectional Relation 130 66 6

Bidirectional Relation 40 31 0

Reasoning Based on Linear Relations

Linear Relation Bridging One Element 0 6 1

Linear Relation Bridging Multiple Elements 0 0 0

Reasoning Based on Complex Relations

Complex Relation Bridging One Element 87 30 7

Complex Relation Bridging Multiple Elements 4 5 1

The levels, based on the framework of Mambrey et al. (2020), are listed in differentiated subcategories. Numbers represent the frequency of occurrence. Examples of student statements are 
available as Supplementary material.
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scientific modeling activities, we  adjusted the descriptions of the 
coding framework of Krell et  al. (2019) to match our ecological 
context (Schreier, 2012). In contrast to our procedure for systems 
thinking, we  used an inductive approach to extend the coding 
framework for scientific modeling by new categories. This inductive 
extension was necessary for the analysis of scientific modeling 
activities as the existing framework of Krell et al. (2019), unlike the 
systems thinking framework of Mambrey et  al. (2020), required 
adaption for the presented multilayered phenomenon in an ecological 
context. We disclose the final coding frame for students’ scientific 
modeling in the results section, as it is involved in answering the first 
research question. New categories are listed in Table 2 and marked 
with an asterisk.

3.5. Data analysis

Before coding the students’ statements, two raters extensively 
discussed the existing frameworks of Krell et  al. (2019) and 
Mambrey et  al. (2020) and adapted them to this study and the 
ecological context. They then independently coded the data of a 
test participant and compared their coding result afterwards. 
Non-matching codes were analyzed, and the coding instructions 
were refined, as was the inductive differentiation of the category 
system in scientific modeling. An analysis of inter-rater reliability 
after re-coding of the test participant’s statements revealed an 
almost perfect result for our coding schemes, for both systems 
thinking and scientific modeling (κ > 0.8) (Landis and Koch, 1977). 
As a result, the coding manual was classified as final and ready to 
use to code the participants’ statements (Kuckartz and Rädiker, 
2019). In the next step, the two raters independently coded all 
statements of the participating students. To ensure that the 
complete thinking process is considered, we  used event-based 
coding (Ciesielska et al., 2018), whereas content correctness was 
no criterion (e.g., Krell et al., 2019). Consistency of the coding was 
checked by measuring inter-rater reliabilities for each participant 
and for systems thinking and scientific modeling separately using 
Kappa (Brennan and Prediger, 1981). In this regard, a coding was 
scored as matching if the segments of both codings were assigned 
to the same category and substantially overlapped. Overall, the 
analysis of the inter-rater reliabilities showed good results: For 
systems thinking, we achieved values of Kappa between 0.84 and 
0.96 (M  = 0.88) for eight students, which indicates an almost 
perfect agreement (Landis and Koch, 1977). For one student, 
neither rater found any statement related to systems thinking. For 
scientific modeling, the estimated values of Kappa are in the range 
of 0.73 and 0.86 (M  = 0.79) for the nine students, which may 
be interpreted as substantial (κ > 0.6) to almost perfect (κ > 0.8) 
agreement (Landis and Koch, 1977).

To address our first two research questions, we  analyzed the 
observed activities of scientific modeling and systems thinking using 
absolute and relative frequencies. In order to examine our third 
research question, which refers to the interrelationship between both 
perspectives, we created a contingency table. Using MAXQDA’s Code 
Relations Browser (VERBI Software, 2022), we  estimated the 
intersection of the applied codes of systems thinking with those of 
scientific modeling to reveal patterns of co-occurrence (Kuckartz and 
Rädiker, 2019).

4. Results

Overall, we coded 1,412 students’ statements, which included 414 
statements regarding systems thinking and 998 statements regarding 
scientific modeling. The number of segments per student varied 
widely, ranging from 103 to 292 (M  = 173). Statements regarding 
systems thinking were most frequently (63.0%; absolute frequency of 
261) assigned to the skill of identifying the system organization, which 
means, they describe the type of relationship between two or more 
species. For instance, one student stated: “I would say now that 
European rabbits eat pasture grass.” (P. 4, Pos. 183). Also common were 
statements about analyzing the system behavior at 33.3% (absolute 
frequency of 138). Statements in this category describe a cause for a 
change in at least one population size usually by reference to another 
(changing) population size. An example of such a statement is: “The 
Canada goose gained quite strongly in population in the following year, 
which is probably due to the high food supply of pasture grass.” (P. 5, Pos. 
93). The third skill of systems thinking, modeling the system evolution, 
in our context entails developing a forecast of one or more population 
size changes, such as: “My assumption is that if the [red] kite goes 
extinct, there must be more and more [European] rabbits because then 
there are no more predators.” (P. 10, Pos. 287). Statements regarding 
modeling the system evolution were rare (3.6%; absolute frequency of 
15). The evaluation of the named linkage (see Table 1) reveals frequent 
mentions of simple relations, including unidirectional and 
bidirectional relations. For instance, one student pointed out the 
bidirectional predator–prey relation between European rabbits and 
red clover: “If the number of European rabbits is very low, the red clover 
can of course grow well and then it still rises here. There are more and 
more European rabbits because they find more to eat and at a certain 
point, the climax is reached by red clover [...] and then it [red clover] 
falls. And then at some point the European rabbit decreases as well.” 
(P.  10, Pos. 45). Furthermore, students frequently used complex 
relations, typically bridging one element: “Well, pasture grass and red 
clover is the food, especially for the European rabbit.” (P. 2, Pos. 12). 
Whereby complex relations bridging multiple elements were less 
frequent. Students rarely referred to linear relations bridging one 
element, like: “Then the European rabbit eats the red clover and if there 
is a lot of red kite, then there is little of European rabbits, which means 
that the population [of red clover] increases. And conversely, when there 
are few European rabbits, there is a lot of red clover.” (P. 5, Pos. 112), 
whereas linear relations bridging multiple elements were never 
mentioned. For additional examples of students’ statements on 
systems thinking see the Supplementary material.

The surveyed activities of scientific modeling were classified as 
follows: 62.5% exploration (absolute frequency 624), 6.4% activation 
of analogies and experiences (absolute frequency 64), 10.3% mental 
modeling (absolute frequency 103), 15.4% development (absolute 
frequency 154), and 5.3% prediction (absolute frequency 53). In 
addition to the deductively derived categories (Krell et al., 2019), six 
categories were added by induction. Five of these categories follow a 
logical addition (Schreier, 2012). For example, negating statements 
about pattern, like: “[...] however, bears no resemblance to either of the 
other two [graphs of red clover and pasture grass], i.e., the European 
rabbit” (P. 8, Pos. 147), were added in the newly included category 5b: 
Student negates presence or detection of a pattern. Statements 
describing a model’s inconsistency and/or inconsistency between 
model and observation, such as: “That means that [the drawn arrow] 
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makes no sense to me here. The red kite decreases very strongly, very 
suddenly, and the graylag goose decreases only very slowly.” (P. 3, Pos 
192), were covered by the new category 13b. Similarly, student 
statements about modifying the model based on confirmed 

hypothesis, like: “This allows us to conclude that the Canada goose feeds 
a bit on the red clover. [Student writes down] Canada goose eats red 
clover.” (P. 3, Pos 167–169), were added as affirmation in category 18a. 
During the survey, students repeatedly took written notes in their 

TABLE 2 Overview of students’ activities in the process of scientific modeling in the context of a dynamic ecological system.

Phase ID Activity Category with Explanation Frequency

Exploration 1 Perception of Phenomena Student describes observed behavior of the ecological system as spontaneous 

or incomprehensible.

53

2 Arbitrary Exploration of the System Student arbitrarily chooses a time interval and/or species and/or display mode. 78

3a Description of Observations Student describes observed behavior of the ecological system without 

recognizing any pattern.

145

3b* Notes on Observations Student takes notes on the observed behavior of the ecological system (see 3a). 17

4 Purposive Exploration of the System Student selects a time interval and/or species and/or display mode to detect a 

pattern in the behavior of the ecological system.

153

5a Recognition of Pattern Student recognizes or confirms a pattern (see 4). 130

5b* Negation of Pattern Student negates presence or detection of a pattern (see 4). 21

5c* Notes on Pattern Student takes notes on the recognized, confirmed, or negated pattern. 27

– 6a Activation of Analogies and 

Experiences

Student verbalizes ideas about the organization and/or behavior of the 

ecological system and/or thinks about these ideas aloud, based in each case on 

analogies and/or experiences.

64

– 6b* Mental Modeling Student verbalizes ideas about the organization and/or behavior of the 

ecological system and/or thinks about these ideas aloud, based in each case on 

observations of the ecological system.

103

Development 7 Analogy and Experience-Based Model 

Development

Student develops graphical model of the ecological system based on analogies 

and/or experiences (see 6a).

8

8 Design-Based Model Development Student develops model to improve internal logic, functionality, or aesthetics. 15

9 Observation-Based Model 

Development

Student develops graphical model retrospectively based on observations of the 

ecological system.

85

10 Observation-Based Model Rejection Student rejects model retrospectively based on observations of the ecological 

system.

0

11 Design-Based Model Evaluation Student evaluates model regarding internal logic, functionality, or aesthetics. 1

12 Observation-Based Model Evaluation Student compares model with observations of the ecological system. 12

13a Confirmation of Model Consistency Student confirms model consistency (see 11) and/or consistency between 

model and observations (see 12).

29

13b* Denial of Model Consistency Student identifies model inconsistency (see 11) and/or inconsistency between 

model and observations (see 12).

4

Prediction 14 Generation of Predictions Student deduces hypothesis based on the model about the organization and/or 

behavior of the ecological system.

13

15 Purposive Manipulation of the System Student selects a time interval and/or species and/or display mode based on a 

hypothesis (see 14).

18

16 Confirmation of Predictions Student confirms hypothesis (see 14) by observing a pattern within the 

behavior of the ecological system (usually through 15).

10

17 Falsification of Predictions Student falsifies hypothesis (see 14) by observing a pattern within the behavior 

of the ecological system (usually through 15).

5

18a* Model Modification Based on 

Confirmed Prediction

Student modifies model based on a confirmed hypothesis (see 16). 5

18b Model Modification Based on Falsified 

Prediction

Student modifies model based on a falsified hypothesis (see 17). 2

19 Prediction-Based Model Rejection Student rejects model based on a falsified hypothesis (see 18). 0

The coding scheme is based on the existing framework of Krell et al. (2019). New categories are marked with an asterisk. Examples of student statements are available as 
Supplementary material.
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representation regarding descriptions and patterns of the ecological 
system. For example, one student pointed out while observing the 
system behavior: “I’m writing this down now. Pasture grass increases at 
500, then decreases again.” (P. 3, Pos. 55–56). To differentiate these 
activities from the existing categories, which solely pertain to verbal 
expressions, we added the categories 3b: Student takes notes on the 
observed behavior of the ecological system, see previous student 
statement, and 5c: Student takes notes on the recognized, confirmed, 
or negated pattern. Another new activity that emerged within the 
process of scientific modeling is described in category 6b: Mental 
modeling, as the students in our study did not always document their 
ideas about the model mechanism in written form, opting to express 
them verbally instead. For instance, a student verbalizes the assumed 
correlation between the population dynamics of the Canada goose 
and its food sources: “I would have thought that if I added these two 
feed together, I  could conclude that by having a lower feed supply, 
I would also have fewer populations [of Canada geese].” (P. 6, Pos 160). 
Such verbal expressions were even observed when the students were 
reminded to create a graphical representation. Table 2 shows the full 
coding scheme, including observed frequencies. Exemplary statements 
from the present study for each category of scientific modeling are 
provided in the Supplementary material.

To answer research question three on how students’ systems thinking 
and scientific modeling activities interrelate when they examine the 
dynamic ecological system, we determined co-occurrences of coded 
segments of both perspectives (see Table 3). This analysis revealed several 
noticeable interrelations. During system exploration, students 
demonstrated systems thinking almost exclusively in the area of system 
behavior and during the interaction with data patterns (modeling 
activities 5a-c). When students addressed notions referring to the system 
organization, it was in the context of deducing hypothesis-based graph 
interactions (modeling activity 4). In the phases of model development, 
we frequently observed systems thinking. Especially during the broadly 
observed phases of developing and refining the model, students dealt 
with the system organization and behavior. In both scientific modeling 
phases, system exploration and model development, no modeling of the 
system evolution took place. This changes for the development of 
predictions, where all three skills of systems thinking were observable. 
The system modeling, however, is almost entirely tied to the activity of 
using the model to deduce hypotheses. In addition, activities 6a, referring 
to the verbalization of analogies and experiences, and 6b, covering the 
development and usage of mental models, have a special status. During 
the activation of analogies and experiences (modeling activity 6a), 
students extensively refer to notions related to the system organization 
and occasionally deal with concepts regarding the system behavior as 
well. The mental modeling (modeling activity 6b) was accompanied by 
systems thinking skills of all kinds. While the system behavior and 
especially the system organization predominate, modeling system 
evolution was also observed at least occasionally.

5. Discussion

In this study, we confronted students with a dynamic ecological 
phenomenon in order to examine their systems thinking and scientific 
modeling as well as the interrelations between these perspectives. The 
results enable us to provide a detailed account of the students’ 
comprehension process of a complex and dynamic system.

5.1. Systems thinking

We were able to assess students’ systems thinking using a coding 
scheme based on the framework of Mambrey et al. (2020). However, 
when examining the frequency of occurrence, it was observed that 
activities of identifying the system organization and analyzing the 
system behavior were much more frequent than modeling the system 
evolution. This pattern may be attributed to a difference in the cognitive 
perspective, as identifying the system organization and analyzing the 
system behavior requires the application of broad, globally applicable 
skills, whereas modeling the system evolution demands mental 
application specific to the task at hand. Students must use their gained 
knowledge about the system to derive predictions about system 
development and future states (Mehren et  al., 2018), which also 
requires imagination and creative thinking (Mambrey et al., 2022a). 
Moreover, and due to the openness of the survey, the task may lack the 
imperative character necessary to evoke prediction generation. In our 
opinion, it could therefore be highly rewarding to fill this gap by adding 
tasks in future research that demand prediction generation, even when 
this means structuring the process through individual instructions or 
prompts. In order to analyze students’ systems thinking in detail, we also 
examined the linked structure of relations they took into account. First, 
and in line with previous results (Strogatz, 2001; Gotwals and Songer, 
2010; Hokayem, 2016; Mehren et al., 2018; Mambrey et al., 2022b), 
we observed that students’ mentions of low linked relationships greatly 
outweighed the references to high linked relations connecting multiple 
elements. When examining the specific types of relations, there was a 
particularly high occurrence of unidirectional, bidirectional, and 
complex relations bridging one element. Whereas complex relations 
bridging multiple elements or linear relations were rarely mentioned. 
We suppose this pattern arises from a moderate linking performance 
in combination with a sound understanding of isolated predator–prey 
relationships among the participants (Grotzer and Basca, 2003; 
Sommer and Lücken, 2010; Mambrey et al., 2022a). Indeed, students 
often referred to feeding relationships commonly covered in class, such 
as a predator–prey and competitive relationship, with and without 
naming the competing food source (NGSS Lead States, 2013). This may 
even be a good strategy to identify the system organization. However, 
it is not possible to understand the emergent extinction of the red kite 
by analyzing individual predator–prey or competitive relationships. 
Even though the presented phenomenon demands an understanding 
of emergence, we have not explicitly demanded this and a food web, as 
typical representation of the trophic relationships within an ecosystem, 
does not directly reflect this emergent behavior. Therefore, future 
systems thinking research could focus on systems demonstrating 
emergent behaviors or systems with an ever-changing system 
organization in order to evoke more complex systems thinking.

5.2. Scientific modeling

We successfully utilized the scientific modeling framework 
developed by Krell et al. (2019) to analyze students’ scientific modeling 
activities in the context of a dynamic ecological system: Our analysis 
revealed that students were extensively engaged in the exploration of 
the system, which is consistent with previous research (Göhner and 
Krell, 2022). Frequently, we observed students taking notes during 
exploration, particularly when summarizing or describing an observed 
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TABLE 3 Contingency table of the interrelationship between scientific modeling and systems thinking.
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1 Perception of Phenomena

2 Arbitrary Exploration of the System

3a Description of Observations

3b* Notes on Observations

4 Purposive Exploration of the System 1 4 1

5a Recognition of Pattern 16 9 1 3

5b* Negation of Pattern 1 2 1

5c* Notes on Pattern 5 3

6a Activation of Analogies and Experiences 15 2 9 4 1

6b* Mental Modeling 37 10 18 2 16 10 1 15 2 4

D
ev

el
op

m
en

t

7 Analogy and Experience-Based Model Development 1 3

8 Design-Based Model Development 2 1 1

9 Observation-Based Model Development 60 20 38 2 20 9 1 7 3

10 Observation-Based Model Rejection

11 Design-Based Model Evaluation 1

12 Observation-Based Model Evaluation 2 7 1 1

13a Confirmation of Model Consistency 5 5 6 6 3 1 4

13b* Denial of Model Consistency 2

Pr
ed

ic
tio

n

14 Generation of Predictions 1 6 1 5 1
15 Purposive Manipulation of the System 1
16 Confirmation of Predictions 1 1 1 2 1 6
17 Falsification of Predictions 2 1
18a* Model Modification Based on Confirmed Prediction 4 2 2
18b Model Modification Based on Falsified Prediction 1
19 Prediction-Based Model Rejection

The frequency of the overlaps is given in absolute numbers. The coding scheme for scientific modeling is based on the existing framework of Krell et al. (2019). The systems thinking skills and levels are based on the framework of Mambrey et al. (2020).
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behavior (modeling activity 3) and recognizing or confirming data 
patterns (modeling activity 5). Therefore, we  inductively added 
categories in each phase to account for this behavior (Schreier, 2012). 
We suppose that taking notes may be functional or even necessary in 
some situations due to the system’s complexity, which includes 
numerous not directly recognizable relations. Some students probably 
used this strategy as a cognitive aid to visually represent knowledge 
about specific relations (Peper and Mayer, 1986). Generally speaking, 
prior knowledge in the form of analogies and experiences (modeling 
activity 6a) is frequently observed during scientific modeling (Krell 
et al., 2019; Meister and Upmeier zu Belzen, 2020). Besides exploring 
the system or reflecting on prior knowledge (modeling activity 6a), 
students comprehensively dealt with graphical model development. 
They frequently incorporated findings from their observations of the 
system (modeling activity 9) and evaluated the model consistency 
(modeling activities 11, 12, 13). By extending the coding scheme to 
differentiate students who found consistency (modeling activity 13a) 
from those detecting inconsistency between their graphical model and 
the systems behavior, we noted an interesting pattern: At this point of 
model development, students almost never detect inconsistency. This 
could be the case, as they frequently perform mental modeling instead 
of recording their ideas about the model in a graphic format. Indeed, 
this process of mental modeling is a key phase of scientific modeling 
(Clement, 1989; Nersessian, 2008; Gilbert and Justi, 2016) and has 
been observed in previous modeling studies (Meister and Upmeier zu 
Belzen, 2020). We added a category to our coding scheme to account 
for this behavior (modeling activity 6b), though the frequency of 
occurrence of this activity certainly raises the question of the 
underlying substructure of mental modeling for future research. To 
investigate this question, analyzing students’ individual modeling 
processes will help determine the position and weight of mental 
modeling within the overall process of scientific modeling (e.g., 
Göhner and Krell, 2022). In particular, there is evidence that the 
mental model and the emerging graphical representation of the model 
may not be fully equivalent (Chandrasekharan and Nersessian, 2015).

Where we found limited evidence, however, was in the phase of 
predictive model usage. This could be the case because students often 
do not fully understand the use of models for prediction, as noted by 
Gogolin and Krüger (2018). In addition, previous research indicates 
that model application can be challenging (Campbell et  al., 2013; 
Passmore et al., 2014; Krell and Krüger, 2016; Meister and Upmeier zu 
Belzen, 2020; Göhner and Krell, 2022). The lack of predictive model 
usage may also be an expression of students’ struggling to generate 
hypotheses from prior knowledge, their model in progress or previous 
observations of the system behavior. This would fit the results and the 
model of Klahr and Dunbar (1988), who assume that exploration 
without hypothesis is a strategy to search for some kind of pattern 
within the data and is applied if the generation of hypotheses fails. 
Surprisingly, when students derived hypotheses, they modified their 
model not only in response to falsified hypotheses but also in response 
to confirmed hypotheses (modeling activity 18b). This may be due to 
the complexity of the system, as new knowledge about individual 
relationships within the system may require adjustments to the model 
or allow for model enhancements without necessitating a complete 
overhaul of the previous understanding. In addition, confirming 
findings may be suitable not only to the recent hypothesis but also to 
previous ideas which appear more promising or worthy of 
investigation (Klahr and Dunbar, 1988).

5.3. Interrelation between scientific 
modeling and systems thinking

From the combined analysis of systems thinking and scientific 
modeling, we can identify the following relationships in our study: 
During the exploration of the ecological system, we rarely observed 
systems thinking. In the event of pattern recognition, we detected 
systems thinking almost exclusively with the objective of analyzing the 
system behavior. Otherwise, systems thinking occurred frequently 
during model development. We suppose that these findings perfectly 
illustrate a central difference in the perspectives of systems thinking 
and scientific modeling. While the former includes the description and 
explanation of complex phenomena as well as the prediction thereof, 
the latter additionally involves incidental perception as the early phase 
of exploration. Another difference in perspective is that systems 
thinking often describes several skills that relate to specific system 
properties (Mambrey et  al., 2020; Momsen et  al., 2022), whereas 
scientific modeling primarily focuses on the process and activities of 
modeling the initial natural phenomenon or system. However, 
identifying the system organization and analyzing the system behavior 
are mandatory preconditions for successfully developing a model that 
explains the phenomenon or system (Passmore et al., 2014; Gouvea 
and Passmore, 2017; Krell et  al., 2019). Our results match this 
assumption, as the students frequently utilize both skills of identifying 
the system organization and analyzing the system behavior during 
model development. Another result of the independent coding of 
systems thinking and scientific modeling was the third skill of systems 
thinking, modeling the system evolution, being closely linked to the 
scientific modeling activity of hypothesis generation. This even makes 
sense, as the former entails statements developing a forecast of one or 
more population size changes, while the latter covers statements 
deducing predictions based on an existing model (Clement, 1989; Justi 
and Gilbert, 2002; Giere et al., 2006; Gilbert and Justi, 2016; Krell et al., 
2019; Upmeier zu Belzen et al., 2019). The juxtaposition makes clear 
that the definition of modeling the system evolution and hypothesis 
generation in the realm of scientific modeling are closely related. It is 
therefore not surprising that beyond this, modeling the system 
evolution as one skill of systems thinking only appeared in conjunction 
with the phase of mental modeling. This seems even plausible, as the 
modeling process starts in mental space and can involve cycles of 
development, evaluation, and modification before any graphic 
development (Meister and Upmeier zu Belzen, 2020). And indeed, 
students generally utilize all systems thinking skills in the process of 
mental modeling. Considering the ratios throughout the mental 
modeling phase, the participants are more often involved in analyzing 
the system behavior than in identifying the system organization, while 
identifying the system organization appears slightly more frequently 
during the graphical production phase. Perhaps this may be explained 
by a finding of Mambrey et al. (2022a), who demonstrated that a food 
web as representation is strongly associated with identifying the system 
organization but rather no reference for students when analyzing the 
system behavior or modeling the system evolution. This may explain 
our observations, as most students drew food webs as models to 
represent the ecological system. As this type of representation does not 
provide quantitative information about population growth or decline 
(Begon and Townsend, 2021), it may, in fact, not evoke thinking about 
the system behavior. In contrast, the line graph we used in our task 
focuses on the population dynamics and should thus be a stronger 
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trigger for analyzing the system behavior. Our data clearly support 
that assumption.

6. Limitations and implications

Our study is limited in some areas that we would like to discuss 
briefly in the following: to gain a comprehensive understanding of 
students’ systems thinking and scientific modeling, we provided each 
participant individual time for analyzing the ecological system 
simulation. Hence and due to the task complexity, it was not possible 
to test multiple systems. Therefore, the results may be  limited 
regarding potential context effects (Grotzer and Basca, 2003; Verhoeff 
et al., 2013; Mambrey et al., 2020). Furthermore, our analysis focused 
on the general expression of systems thinking and scientific modeling. 
In consequence, we  did not assess students’ content knowledge 
explicitly, even though modeling activity 7 does provide evidence of 
the incorporation of analogies and experiences that directly relate to 
the process of model development. In addition, our coding scheme as 
well as the underlying framework of Mambrey et al. (2020) do not 
address systems thinking from a perspective of system properties. As 
individual system properties, including dynamic changes and 
susceptibility to disruptive factors like invasive species, play an 
important role in our simulation, this perspective may be interesting 
for future research. Furthermore, characteristics of our simulation 
may also impact students’ thinking. For example, the simulated 
population dynamics may have drawn students’ attention on thinking 
about the system behavior in particular. We found that students rarely 
mentioned emergent effects resulting from complex interrelationships, 
as well as predictions about future system states or behaviors. One 
reason for this may be  that the task and the simulation do not 
encourage this explicitly. Hence, future research should emphasize on 
systems with greater changes in their dynamics and complex emergent 
effects. Additionally, it would be worthwhile to include tasks that 
stimulate the prediction of these changes in system development.

Although we did not analyze the students’ individual procedures 
yet, we wish to discuss possible implications for engaging students in 
systems thinking and scientific modeling. Our results imply that a task 
involving students in the exploration of a dynamic system to deduce the 
system structure seems suitable to evoke systems thinking and modeling 
insofar as the students develop models. However, the generation of 
predictions and, consequently, the modeling of the system evolution as 
well fell short of our expectations. We  suppose that the regular 
oscillatory nature in population dynamics is too foreseeable, even if the 
introduction of the invasive Canada goose was a functional disturbance. 
In this regard, it may be beneficial to utilize even less predictable system 
dynamics, for example, by modeling alternative stable states or multiple 
regime shifts in ecosystems (Scheffer and Carpenter, 2003), to focus on 
the cyclic nature of modeling through predicting outcomes and 
modifying the model. However, it remains open whether all students 
used the same approach or if they showed distinctive styles of scientific 
modeling and systems thinking (e.g., Meister and Upmeier zu Belzen, 
2020; Göhner and Krell, 2022). In order to answer this research question, 
it might be beneficial to analyze the individual chronological sequences 
of students’ proceedings. Additional insights could be  revealed by 
analyzing students’ drawings, as individual students also created 
representations other than food webs. In this context, we are especially 
interested in whether different types of representations correlate with 

distinct patterns of systems thinking and how students account for the 
system’s dynamic behavior in their representations.
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