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Abstract
Agent-based modeling is a promising tool for familiarizing students with complex systems as well as programming skills. 
Human–environment systems, for instance, entail complex interdependencies that need to be considered when modeling 
these systems. This complexity is often neglected in teaching modeling approaches. For a heterogeneous group of master’s 
students at a German university, we pre-built an agent-based model. In class, this was used to teach modeling impacts of land 
use policies and markets on ecosystem services. As part of the course, the students had to perform small research projects 
with the model in groups of two. This study aims to evaluate how well students could deal with the complexity involved in 
the model based on their group work outcomes. Chosen indicators were, e.g., the appropriateness of their research goals, the 
suitability of the methods applied, and how well they acknowledged the limitations. Our study results revealed that teaching 
complex systems does not need to be done with too simplistic models. Most students, even with little background in modeling 
and programming, were able to deal with the complex model setup, conduct small research projects, and have a thoughtful 
discussion on the limitations involved. With adequate theoretical input during lectures, we recommend using models that 
do not hide the complexity of the systems but foster a realistic simplification of the interactions.

Keywords  Higher education · University teaching · Blended learning · Individual-based models · Wicked problems · Socio-
ecological systems

Introduction

Human–environment systems entail complexity regarding 
heterogeneity, interactions, and feedback mechanisms, cre-
ating wicked problems (Zellner & Campbell, 2015). Teach-
ing the principles of complex systems can allow students 
to understand different scientific domains. Wicked prob-
lems have firstly been defined by Rittel and Webber (1973) 
as problems that cannot be finally formulated and lack a 
final solution, while intermediate solutions might generate 
new problems. They exist in human–environment systems 
because of differences in social ideals and uncertainties of 

environmental changes (Duckett et al., 2016). One approach 
to tackle wicked problems is via complex system modeling, 
for example, agent-based modeling. For these applications, 
the non-deterministic and iterative model-building process 
is an excellent fit (Zellner & Campbell, 2015). Multiple 
interdependencies of wicked problems can be represented 
in complex system modeling via the set of initial param-
eters, causalities, and produced outcome variables (Zellner 
& Campbell, 2015).

To familiarize students with such complex systems, agent-
based modeling, an established tool in research, is also an 
evolving tool in education (Bodine et al., 2020; Ginovart, 
2014). Complex agent-based models are less developed in 
human–environment sciences than in disciplines like chemis-
try, physics, or climate sciences (An et al., 2021). Therefore, 
education in this field is a worthwhile investment, potentially 
benefitting future research. Understanding complex systems 
will help students to understand not only human–environment 
systems but also other scientific domains, e.g., concepts related 
to self-organization (Rates et al., 2016).
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Agent-based models (also called individual-based 
models) are characterized by individual actors (agents) 
making decisions and interacting with each other and 
their environment (An et al., 2021; Railsback & Grimm, 
2012). They are carried out via a programmed code, but 
certain platforms with a graphical user interface allow the 
models to be run without understanding the underlying 
mathematics (Ginovart, 2014). Yet, complex elements like 
path dependency, self-organization, or feedback mecha-
nisms can emerge that are not intuitively visible in the 
single parts of the system alone (An et al., 2021). Agent-
based models are most commonly formulated in discrete 
events and time steps (Ginovart, 2014). They are suitable 
for education, as the outcome of theoretical concepts can 
be illustrated and changed in real time. For example, the 
open-source platform NetLogo can be used for running 
models without adapting the underlying code. At the same 
time, it is also suitable for teaching programming skills 
(Murphy et al., 2020).

Studies evaluating the usage of agent-based modeling in 
teaching have previously focused on simple models with a 
small set of adjustable parameters. This contrasts with under-
standing the capability of agent-based modeling to tackle 
wicked problems in classrooms. For teaching modeling in the 
social science domain, models on segregation are commonly 
assessed (Hostetler et al., 2018). In the ecological field, stud-
ies focus mainly on predator and prey models (Ameerbakhsh 
et al., 2016; Benhadi-Marín et al., 2020; Ginovart, 2014). 
Also, models for teaching basic principles of survival and 
population growth in terrestrial or aquatic ecosystems are 
evaluated (Dickes et al., 2016; Hmelo-Silver et al., 2014). 
The studies that evaluate teaching modeling practices are 
conducted with students ranging from elementary school 
(Dickes et al., 2016) to higher education (Ameerbakhsh et al., 
2016). Students have described this way of teaching as inter-
esting (Ginovart, 2014) and rated NetLogo as a game-based 
learning tool (Ameerbakhsh et al., 2016).

Complex human–environment models on the other hand 
are often used in research but are not evaluated for educa-
tional purposes. Agent-based models capturing this com-
plexity mainly illustrate policies’ impact (Brady et al., 2012; 
Happe et al., 2011) and decision-making (Habib et al., 2016; 
Valbuena et al., 2010) on agricultural and forestry land use. 
To our knowledge, no assessment of whether students could 
deal with this complexity in the teaching agent-based mod-
els exists in the literature so far. Only Bodine et al. (2020) 
present a general framework for how complex agent-based 
models can be conveyed to students. Yet, an in-depth evalu-
ation of students’ ability to deal with this complexity is lack-
ing. Further research is therefore needed on the suitability of 
agent-based models in a classroom setting, with a larger set 
of adjustable parameters, displaying environmental as well 
as human interactions. This is of particular interest in higher 

education, in which students often have different levels of 
methodological capabilities and thematic knowledge.

This study aims to (i) present a complex model of a 
human–environment system developed for teaching in higher 
education (see "Method" section), (ii) to analyze the ability 
of a heterogeneous group of students to deal with the inher-
ent complexity, and (iii) to discuss potential success factors 
of teaching complex systems.

Methods

Classroom Setting and Student Characteristics

For the exercise part of a course module on “Land use poli-
cies, markets, and ecosystems,” we—both the lecturers of the 
class and authors of the paper—pre-built a spatially explicit 
agent-based model named World of Cows. As an example of 
human–environment systems, we chose an agricultural land-
scape dominated by dairy farming. In this landscape, dairy 
farms influence and are affected by different ecosystem ser-
vices (e.g., soil fertility and global climate regulation). As 
a governance tool, the model users can manipulate policy 
options—in this case, the students of our class. As learning 
objectives of the course, we defined that students can apply 
an agent-based land-use model based on real-world policies 
and markets and interpret its results in terms of impact on 
land use and ecosystem services. In addition, students should 
be able to reproduce the basics and fundamental concepts of 
modeling and put them in the context of various techniques.

The course audience were international master’s students 
from the University of Bayreuth, Germany. Participating 
students (n = 18) had varying prior background knowledge 
on key topics of the course. They were enrolled in differ-
ent master’s programs—both Master of Arts (International 
Economy and Governance) and Master of Sciences (Global 
Change Ecology, Food and Health Sciences, Environmen-
tal Geography, Environmental Sciences) and had completed 
bachelor’s degrees from a broad range of disciplines. In a 
query in the lecture part of the course module (Fig. 1), con-
ducted with the interactive presentation tool Mentimeter 
(Mentimeter, 2021), the students could rate their background 
knowledge at the beginning of the course. The group faced 
strong heterogeneity regarding soft skills such as commu-
nication, hard skills such as modeling background, and the-
matic knowledge.

Considering this heterogeneity, e.g., in terms of modeling 
skills, the course started with general exercises illustrating 
principles of agent-based modeling. We then introduced the 
pre-built model in different steps, starting with a strongly 
simplified version. Using these versions, we conveyed 
the phases of model development, including finding cod-
ing errors and model calibration. The students learned to 
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conduct experiments with the model (by iterating through 
different parameter settings) and how to run optimization 
procedures (to find optimal parameter settings). Toward the 
end of the course, we applied sensitivity analysis techniques 
and explored model validation strategies with the students.

Agent‑Based Model of a Human–Environment 
System: World of Cows

The model’s principal purpose is to test the effect of dif-
ferent policy options on the provisioning of five different 
ecosystem services in an agricultural landscape dominated 
by dairy farming. The economic viability of dairy farms and 
overall government spending are also considered. The com-
plexity of the model is shown in complex model behavior 
(e.g., non-linear relationships) and by a rather complicated 
model setup (Sun et al., 2016), which is expressed by a high 
number of parameters (pre-set: 43, chosen via interface: 5), 
state variables (dairy farms: 7; agricultural fields: 8, govern-
ance structure: 14), and submodels (12). The submodels are 
equivalent to the consecutive decisions and steps taken by 
dairy farms within one year (Fig. 2). The model can be oper-
ated in two “world” versions. One is based on anonymized 
real-world data with fixed shapes of fields and locations 
of farms (see background in Fig. 2), the other on a grid of 
fields with random placement of initial farms (see “world” 
segment in Fig. 3).

Farms can operate at four different intensity levels. These 
will, in turn, affect milk production and the level of regulat-
ing ecosystem services such as climate regulation. Addition-
ally, there are two levels of milk producer prices depending 
on the intensity level, simulating organic and conventional 
farming. Based on income from two sources, farms decide 
if they stay in business: the net gain from selling milk plus 
government subsidies. Farms interact in a land tenure and a 

manure market. The policy options to influence the system 
are based on agricultural policies already implemented or 
discussed in a central European context.

One of the innovative policy options not yet implemented 
in a current real-world setting is a carbon or nitrate tax for 
agricultural production. This is one of the examples of how 
students could observe non-linear relationships between 
variables (Fig. 4). The model takes many processes and feed-
backs into account. Still, we had to make many simplifica-
tions, e.g., about farmers’ decision-making, farm structures, 
and interaction effects.

The complete model description, including details on 
design concepts, submodels, and basic parametrization, is 
provided as an ODD + D Protocol (Müller et al., 2013) in 
supplement S1. The model itself is available in the CoMSES 
Model Library.1

NetLogo—an Easy Access to Complex Modeling

The model was coded in NetLogo version 6.2.1 (Wilensky, 
1999). The modeling platform, rated as one of the easiest 
to handle while still having relatively good computational 
modeling strength (Abar et al., 2017), comes with three tabs: 
the code, information about the model, and the interface. 
Buttons, sliders, and choosers on the interface allow the 

Fig. 1   Results of a query shown to all students (n = 28) attending the 
lecture part of the module “Land use policies, markets, and ecosys-
tems” (1 = strongly disagree to 5 = strongly agree), conducted with 
the interactive presentation tool Mentimeter (Mentimeter, 2021)

Fig. 2   Different actions by the dairy farms in the model World of 
Cows within one year (equivalent to one time step in the model). Each 
year, the farms start by deciding if they want to stop farming. Each 
action is represented by one submodel. The background shows part of 
the “world” of the graphical user interface of the model in NetLogo (in 
the setup, based on real-world data for the agricultural fields)

1  https://​www.​comses.​net/​codeb​ases

https://www.comses.net/codebases
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user to change the model parametrization without changing 
the actual code. Model outputs can be directly visualized in 
plots and monitors (Fig. 3).

Two convenient tools come with the modeling platform for 
more complex model analyses. With BehaviorSpace, experi-
ments can be run with models in which the covered parameter 
space and the number of replications (in case stochastic ele-
ments are present in the model) can be chosen freely (NetLogo, 
2021). BehaviorSearch,2 in turn, allows for optimization pro-
cedures. It can be used for model parametrization and analysis. 
In the context of our model, different “political goals” (e.g., 
the number of very extensive farms or a specific ecosystem 
service) can be optimized in terms of which policy settings are 
the best for achieving a certain goal.

Group Work—An Indication of Students’ Capacity 
to Deal with Model Complexity

In group projects (teams of two), students were asked to set 
a research goal they could answer/accomplish with the pre-
build model. In their group work, students could either focus 
on parametrizing the World of Cows to answer a specific 
research question (analysis-based approach) or on rewriting 
code in NetLogo by adding or modifying modules in the 
model script (code-based approach). In both cases, they were 

asked to use at least one of the two tools for their analysis: 
BehaviorSpace or BehaviorSearch. As a further prerequi-
site, impacts of policies on the provisioning of ecosystem 
services were to be analyzed with the model.

To explore how well students could deal with the model 
complexity, we analyzed the group work outcomes in the 
following steps: We checked (i) whether students set appro-
priate research goals for their group work, (ii) for match-
ing content of their analysis or code adaptation with suit-
able methods, (iii) if plausible results were produced, (iv) 
whether model and group work limitations were properly 
discussed, and (v) if links to real-world challenges and pol-
icy suggestions were made.

Results

In the following sections, the different student group work 
outcomes are evaluated as indicators of how well students 
could cope using a complex model to analyze the World of 
Cows as a representation of a human–environment system.

Appropriateness of Research Goals

We rated all research goals set by students in their group 
work as appropriate for the model analysis or adjustment 
of model components. To our understanding, they all 
showed that students understood the tasks and possibilities 

Fig. 3   Sections of the model 
interface World of Cows. The 
users can adjust the policy 
options and economic settings 
through sliders and choosers. 
In the chosen example policy 
option, users can set a limit of 
organic nitrogen (Norg) per 
hectare, how much subsidies 
will be deducted if farms exceed 
it, and what percentage of 
farms are checked. Ecosystem 
services and farm indicators 
are presented in output plots 
and monitors. In the presented 
example output monitor, the 
profitability (in terms of Euro 
per hectare) for the different 
management intensity classes 
of farms is displayed. Here, the 
presented model “world” setup 
is based on the second alterna-
tive of a “random” configuration 
of agricultural fields (in contrast 
to Fig. 2)

2  See website for further information: https://​behav​iorse​arch.​org/

https://behaviorsearch.org/
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of applying an agent-based model of a human–environment 
system. The research goals covered a wide range of topics 
(see Table 1) and differed in the scope of model adjustment 
and depth of analysis (Fig. 5), but all fulfilled the baseline 
criteria. Some student groups investigated the provisioning 
of multiple ecosystem services (n = 4) under policy scenarios 
or after code adjustments. Others focused on specific ecosys-
tem services, namely soil fertility (n = 3), habitat provision-
ing (n = 1), or climate regulation (n = 1). The approaches 
considered either multiple policy options (n = 5) or a single 
policy mechanism (n = 2). Three groups aimed at improv-
ing the model itself by (i) adding a social norm of intrinsi-
cally motivated extensive farming, (ii) optimizing the soil 
quality factor in the model, or (iii) including cow mortality 
due to heat waves. With these code-based research goals of 
improving the model, the respective student groups showed 
a deeper understanding of the modeling work than the other 
groups that decided on the analysis-based research goal. We 
rated the complexity of set research goals generally as high 
(n = 6), based on the number of policy options and ecosys-
tem services considered and if trade-offs of policy effects 
were included and the code was adjusted. According to our 
assessment, the research goals of some groups only showed 
a low (n = 1) or medium (n = 2) complexity.

Suitability of Methods

According to our evaluation, the largest part of the student 
groups chose sufficiently suitable (n = 4) to highly suit-
able (n = 4) methods, and the content of the analysis or 
code adaptation matched the research goals well. All stu-
dent teams used at least one of the offered analysis tools 
(BehaviorSpace and BehaviorSearch), depending on their 
specific research interests (see Table 1). One team had major 

difficulties during the course in understanding the usage of 
the tools and did not perform them sufficiently to pass the 
course in the initial attempt. After thorough feedback from 
the lecturers, the analysis for the second attempt was more 
profound, and BehaviorSpace was used in a correct way. 
The three teams with a code-based approach adjusted the 
pre-written NetLogo code. One team inserted conditional 
statements to give farmers the option to manage their grass-
lands extensively. This way, they allowed for intrinsic moti-
vation for “environmentally friendly farming,” even if it is 
not profitable. Another group added an improved soil fer-
tility factor of the fields for the study as an alternative to a 
random assignment of soil fertility per field. A third group 
introduced cow mortality due to heat waves in the model.

Most group work results (n = 8) were presented with 
descriptive statistics obtained in BehaviorSpace and/or 
BehaviorSearch. For example, one group compared mean 
number of cows depending on the occurrences of heatwaves 
(Fig. 6a). Only one group conducted a more profound sta-
tistical analysis. They used standard deviation, and a dou-
ble-sided t-test to assess the impacts of greenhouse gas tax 
rates on the provisioning of ecosystem services (Fig. 6b). 
No teams conducted a sensitivity analysis of their results.

Plausibility of Results

All group work results (see Table 1) were rated by us as 
generally plausible outputs, given the framework of the pre-
written model. However, for more than half of the groups 
(n = 5), we felt unsure if all steps in the analysis were carried 
out correctly because of different potential sources of errors 
like (i) a low number of replicates even though a strong 
stochastic fluctuation of marked prices was set, (ii) poorly 

Fig. 4   Effect of one of the five 
policy options (nitrate tax) in 
the model World of Cows on 
produced milk (originating from 
farms operating in different 
intensity levels)
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specified ranges of modeling parameters, or (iii) impression 
of unclear understanding of some of the model components.

Acknowledgment of Limitations

Most student groups (n = 7) pointed out at least one limita-
tion, such as simplified assumptions used in their analyses 
and methodological procedures (see Table 1). Some groups 
set their focus on limitations of their own approach, like (i) 
chosen interval of values in the optimization procedure, (ii) 
low resolution of available data, and (iii) one-sided focus of 
the analysis. Some groups rather pointed out limitations of 
the pre-written model World of Cows as such, like (i) limited 
complexity of farmer’s decision-making, (ii) simplified repre-
sentation of geo-chemical processes, and (iii) random model 
components like implemented fluctuating market prices that 
make the analysis and prediction more challenging.

Links to Real‑World Challenges and Policy 
Suggestions

A link to real-world challenges (see Table 1) was made by 
the majority of student groups (n = 6). Concrete policy sug-
gestions were given by four groups, with one group also indi-
cating possible limitations to a successful implementation. 

Another group did not want to base any policy recommen-
dation on their model analysis because they felt it was too 
one-sided as they had left out economic considerations. One 
group also mentioned that in the near future, it would be nec-
essary to update their analysis because of the changing legal 
framework of the common agricultural policy of the Euro-
pean Union in the next funding phase. As part of the discus-
sion of limitations (see chapter 3.4), also a comparison with 
real-world data, like government reports or statistical data, 
was made. Two out of the three groups not pointing out any 
real-world challenges had chosen a code-based approach. 
Real-world applicability was a less important question for 
these groups because of the technical focus.

Discussion

Most Students Successfully Handled Model 
Complexity

The outcomes of student group work indicate that teaching 
modeling of human–environment systems with a complex 
agent-based model setup has challenges but is well achiev-
able. Within one semester, even students with little back-
ground in modeling and programming could deal with the 

Fig. 5   Counts of student groups 
showing the proportions of (i) 
approach and (ii) complexity of 
research goals, (iii) tools used 
for the method of analysis, and 
(iv) their suitability to reach 
the defined research goal, as 
well as (v) discussed types of 
limitations

Fig. 6   Two examples of group work results showing a an identification of the impact of cow numbers through heatwaves and b the height of a 
greenhouse gas tax (Euro per ton CO2 equivalents) needed to significantly impact ecosystem services. In this case, climate regulation (120 €/t)
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complicated model structure and complex model behavior 
(Sun et al., 2016). Most students provided thoughtful discus-
sions as part of their small research projects. These included 
comprehensive analyses of policy scenarios on land use and 
ecosystem services as well as adding new model compo-
nents. Turner et al. (2021) have highlighted the need for 
interdisciplinary teaching approaches for complex problem-
solving. Their experiences with a multi-university cohort 
(using system dynamics modeling) support our study results 
that teaching complex systems does not need to rely only on 
simplistic models.

Our chosen indicators of how well the students could deal 
with model complexity all showed satisfactory levels. Espe-
cially high indicator values were reached for (i) choosing 
appropriate research goals, (ii) the principal suitability of 
applied methods, and (iii) the acknowledgment of limitations 
of the analysis. Students used most, but not all, method-
ologies introduced in class. That no group work included a 
sensitivity analysis might be due to the late introduction of 
this method, but it was likely also perceived as a challenging 
additional effort. We rate the indicator of acknowledging 
limitations as particularly important in showing if students 
understood model complexity. Holmes et al. (2015) also 
used this as an indicator of student’s ability to think criti-
cally. Two groups in our study did not point out any limita-
tions in their group work presentation. This could indicate a 
lack of in-depth understanding of the model complexity by 
the respective groups. Hogan and Thomas (2001) rated (high 
school) student groups that failed to investigate properly why 
a model yielded a certain output as a “less productive” mod-
eling approach. A sound model interpretation and being able 
to identify improvement needs are therefore closely linked. 
Most of the student groups in our study proved, by pointing 
out at least one and often several limitations of their results, 
knowledge about the model structure and insights into rel-
evant impact pathways of the chosen policy options.

We perceived that correctly using the two built-in analysis 
tools (BehaviorSearch and BehaviorSpace) in NetLogo was 
the most challenging part of the course work for the student 
teams. Murphy et al. (2020) mention the step of designing 
experiments in BehaviorSpace as one of the more advanced 
elements of a teaching schedule using agent-based models, 
requiring substantial previous understanding and exercise 
by students. In our experience, using the optimization tool 
BehaviorSearch (not included in the analysis by Murphy 
et  al. (2020)) was even more challenging for students. 
Students’ struggles with the two analysis tools negatively 
affected our rating of the plausibility of group work results 
in terms of how reliable we perceived the results. However, 
in our eyes, the principal importance was that students cor-
rectly understood and handled the policy options and eco-
system service indices represented in the model. This was 
the case for the large majority of student groups. According 

to our understanding, establishing connections from the 
model results to real-world applications hints toward a 
deeper understanding of the motivation behind modeling 
human–environment systems and its implications. Gill et al. 
(2014) also used this as an indicator of depths of under-
standing. In their case, they analyzed how well 7th-grade 
students could apply knowledge to real-world problems and 
decision-making. In our study, such a link was made by more 
than half of the student groups. We rate this as a convincing 
performance.

Success Factors for Teaching Complex Systems 
to a Heterogeneous Group of Students

We identified several factors that contributed to successfully 
teaching agent-based modeling to students without compro-
mising on the complexity involved. These are also based on 
students’ course evaluations and individual feedback at the end 
of the course. The most critical factors were offering a pre-
built model, choosing an accessible coding environment, using 
flipped-classroom elements, and flexible group work projects.

For our class, we provided students with a pre-built model 
that the students could engage with and modify. Mulder et al. 
(2015) identified that providing high-school students with 
an outlined model they needed to complete enhanced their 
learning experience in contrast to starting the modeling from 
scratch. Offering a pre-built model was key to teaching the 
complexity of studying human–environment systems in the 
class. As several students had little to no prior programming 
skills, providing a model in various stages throughout the 
semester helped them to follow the modeling process. This 
would not have been possible if they had to write the model 
from scratch. Alessi (2000) defined this approach of students 
using a pre-built model as suitable for procedural learning 
while building a model by themselves rather suitable for 
declarative or conceptual learning. Before students focus on 
complex coding questions, we perceive it as very helpful for 
them to understand all aspects of modeling practice defined 
by Schwarz et al. (2009), namely constructing, using, evalu-
ating, and revising models. We covered all of these aspects 
in our course, especially the three later ones. A possible 
follow-up course, teaching students how to build a complex 
model, can therefore integrate what the students learned in 
our class but would need an additional introductory course 
diving deeper into coding languages. We used the compa-
rably simple coding language NetLogo, which was a great 
advantage for students to get familiar with agent-based mod-
eling compared to other, more difficult coding environments 
(Abar et al., 2017; Railsback & Grimm, 2012). These con-
siderations made complex agent-based modeling accessible 
to a group of students with very heterogeneous backgrounds. 
As we assumed only little prior capabilities in modeling, sta-
tistics, or thematic knowledge, our approach should also be 
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feasible to apply in other contexts, including undergraduate 
education. However, as skills in independent working and 
knowledge of human–environment systems are necessary to 
understand the model, some adjustments might be required if 
used in undergraduate or even secondary education.

One of the major challenges faced in the course was the 
very heterogeneous group of students with various disci-
plinary backgrounds and study progress. To deal with this 
heterogeneity, using group work proved to be one of the key 
factors. This relates to the results of Bodine et al. (2020), who 
found that even if students do not finish the task of complet-
ing a model, working on the topic in a group enhances the 
learning process. Giving students the flexibility to design 
their own research questions and to focus either on a method-
ological or theoretical task also seemed to be a very suitable 
way of addressing the heterogeneity in the class without com-
promising students’ learning success. Due to the heterogene-
ous group of students, we explicitly decided to teach large 
parts of the module in a flipped-classroom format, which 
proved to provide a very suitable learning environment. In a 
flipped classroom approach, much of the teaching material is 
provided to the students as preparatory material that needs to 
be studied before the class sessions, which can then be suc-
cessfully used for more interactive learning in small groups 
(Wipper, 2021). The format has been gaining widespread 
attention in different higher education disciplines recently 
and is very suitable for teaching complex content. For exam-
ple, Mattis (2015) found that teaching mathematical com-
plexity to university students in a flipped classroom format 
increased accuracy and decreased mental effort in students’ 
work. In our study’s flipped-classroom sessions, students 
could learn the material at their own pace, skip basics, or 
consult additional material according to their previous knowl-
edge. Students stated that they dedicated five to six hours on 
average for coursework, including time spent in class, with 
one person only spending less than three hours and one per-
son nine to ten hours per week. The course was conducted 
during the first winter term of the Covid-19 pandemic. While 
the first few lessons could be conducted in person, we taught 
most of the course online.

Methodological Limitations

In this study, we used our classroom as a practical case 
study to investigate the suitability of teaching complex 
human–environment systems in higher education. We 
employed a less common methodology by analyzing stu-
dents’ group work outputs without interviews or question-
naires. To our understanding, this proved to be a very suita-
ble approach. Nevertheless, we acknowledge that this offered 
no option for analyzing a controlled treatment effect. Addi-
tionally, limited understanding by single students might not 
be evident from group work results if they teamed up with 

a more advanced group partner. In future studies, we sug-
gest adding student reflections, e.g., by including autoethno-
graphic reports by students (Murphy et al., 2022). To achieve 
comparability of students’ capacity to deal with complexity, 
we only analyzed the results of one student cohort. Con-
siderations were changing course and module requirements 
between terms and potential differences between classes 
with in-person and online teaching necessary due to the 
Covid-19 pandemic. The focus on one student cohort lim-
ited the number of students to only 18 students, which is a 
relatively small sample size. We recommend further research 
investigating how different cohorts of students can deal with 
complex models using agent-based modeling and whether 
these results are similar to our findings. Lastly, we recognize 
limitations related to online teaching due to the Covid-19 
pandemic. Although we used activating elements and break-
out rooms, online teaching might have limited the interaction 
between students and teachers. We expect that this might 
have slightly reduced the ability of students to deal with the 
complexity of the model.

Conclusion

Teaching the principles of complexity can help students to 
understand different scientific domains and learn how to deal 
with today’s wicked problems like climate change. We pre-
sented the neglected approach to teach this real-world com-
plexity with a correspondingly complex agent-based model 
(in terms of adjustable parameters and interdependencies). 
Our results show that we can trust students’ ability to deal 
with model complexity, even in an interdisciplinary course. 
This should encourage more teaching and research endeav-
ors to take this route. We found that agent-based modeling 
is a suitable method for conveying complexity and wicked 
problems. According to our understanding, it can also be a 
helpful approach in other scientific domains and educational 
programs beyond the analysis of human–environment sys-
tems. Our chosen teaching approach proved to work well, 
especially for a heterogeneous group of students. We allowed 
students to develop their own research goals and introduced 
complex models stepwise with the flipped classroom tech-
nique. Our identified success factors can be applied to teach-
ing modeling approaches in general, even though we perceive 
agent-based modeling to be a particularly useful tool.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10956-​022-​10022-z.

Acknowledgements  We thank the students participating in the course 
for allowing us to use their results for this study. We also thank Thomas 
Koellner, head of the Professorship of Ecological Services, for his 
advice during the module’s construction. We acknowledge the great 
assistance from the Center for Learning and Teaching in Higher Educa-
tion (FBZHL) at the University of Bayreuth, especially Frank Meyer, 

https://doi.org/10.1007/s10956-022-10022-z


265Journal of Science Education and Technology (2023) 32:256–266	

1 3

Paul Dölle, and Anja Hager, for their assistance and training courses. 
In addition, we would like to warmly thank our reviewers for their 
comments that helped to improve the manuscript.

Funding  Open Access funding enabled and organized by Projekt DEAL.

Data Availability  The analyzed student group work results cannot be 
shared publicly. However, the complete code of the agent-based model 
used in this course (“World of Cows”) is available in the CoMSES 
Model Library https://​www.​comses.​net/​codeb​ases/​b67c5​833-​96fb-​
4c11-​a37b-​9034b​7d582​36/​relea​ses/1.​0.0/.

Declarations 

Ethical Approval  Not applicable.

Consent to Participate  Consent from the students to use the submitted 
group work for the analysis of this study was obtained after the course 
was completed and the work was evaluated. A separate written consent 
was given by the respective students for the use of the two exemplary 
figures from their group work. Only three out of those four students 
wanted to be named.

Competing Interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abar, S., Theodoropoulos, G. K., Lemarinier, P., & O’Hare, G. M. P. 
(2017). Agent based modelling and simulation tools: A review of 
the state-of-art software. Computer Science Review, 24, 13–33. 
https://​doi.​org/​10.​1016/j.​cosrev.​2017.​03.​001

Alessi, S. (2000). Building versus using simulations. In Integrated and 
holistic perspectives on learning, instruction, and technology: 
Understanding complexity (S. pp 175–196). Kluwer Academic 
Publishers.

Ameerbakhsh, O., Maharaj, S., Hussain, A., Paine, T., & Taiksi, S. 
(2016). An exploratory case study of interactive simulation 
for teaching Ecology. 2016 15th International Conference on 
Information Technology Based Higher Education and Training 
(ITHET), 1–7. https://​doi.​org/​10.​1109/​ITHET.​2016.​77607​25

An, L., Grimm, V., Sullivan, A., Turner, B. L., II., Malleson, N., Heppenstall, 
A., Vincenot, C., Robinson, D., Ye, X., Liu, J., Lindkvist, E., & Tang, 
W. (2021). Challenges, tasks, and opportunities in modeling agent-
based complex systems. Ecological Modelling, 457, 109685. https://​
doi.​org/​10.​1016/j.​ecolm​odel.​2021.​109685

Benhadi-Marín, J., Pereira, J. A., Sousa, J. P., & Santos, S. A. P. (2020). 
EcoPred: An educational individual based model to explain bio-
logical control, a case study within an arable land. Journal of 
Biological Education, 54(3), 271–286. https://​doi.​org/​10.​1080/​
00219​266.​2019.​15690​86

Bodine, E. N., Panoff, R. M., Voit, E. O., & Weisstein, A. E. (2020). 
Agent-based modeling and simulation in mathematics and biology 
education. Bulletin of Mathematical Biology, 82(8), 101. https://​
doi.​org/​10.​1007/​s11538-​020-​00778-z

Brady, M., Sahrbacher, C., Kellermann, K., & Happe, K. (2012). An 
agent-based approach to modeling impacts of agricultural policy on 
land use, biodiversity and ecosystem services. Landscape Ecology, 
27(9), 1363–1381. https://​doi.​org/​10.​1007/​s10980-​012-​9787-3

Dickes, A. C., Sengupta, P., Farris, A. V., & Basu, S. (2016). Devel-
opment of mechanistic reasoning and multilevel explanations of 
ecology in third grade using agent-based models: Mechanistic 
reasoning and agent-based models. Science Education, 100(4), 
734–776. https://​doi.​org/​10.​1002/​sce.​21217

Duckett, D., Feliciano, D., Martin-Ortega, J., & Munoz-Rojas, J. (2016). 
Tackling wicked environmental problems: The discourse and its 
influence on praxis in Scotland. Landscape and Urban Planning, 
154, 44–56. https://​doi.​org/​10.​1016/j.​landu​rbplan.​2016.​03.​015

Gill, S. E., Marcum-Dietrich, N., & Becker-Klein, R. (2014). Model 
my watershed: Connecting students’ conceptual understanding 
of watersheds to real-world decision making. Journal of Geosci-
ence Education, 62(1), 61–73. https://​doi.​org/​10.​5408/​12-​395.1

Ginovart, M. (2014). Discovering the power of individual-based mod-
elling in teaching and learning: The study of a predator–prey 
system. Journal of Science Education and Technology, 23(4), 
496–513. https://​doi.​org/​10.​1007/​s10956-​013-​9480-6

Habib, T. J., Heckbert, S., Wilson, J. J., Vandenbroeck, A. J. K., Cranston, 
J., & Farr, D. R. (2016). Impacts of land-use management on ecosys-
tem services and biodiversity: An agent-based modelling approach. 
PeerJ, 4, e2814. https://​doi.​org/​10.​7717/​peerj.​2814

Happe, K., Hutchings, N. J., Dalgaard, T., & Kellerman, K. (2011). 
Modelling the interactions between regional farming structure, 
nitrogen losses and environmental regulation. Agricultural Sys-
tems, 104(3), 281–291. https://​doi.​org/​10.​1016/j.​agsy.​2010.​09.​008

Hmelo-Silver, C. E., Eberbach, C., & Jordan, R. (2014). Technology-
supported inquiry for learning about aquatic ecosystems. EURA-
SIA Journal of Mathematics, Science and Technology Education, 
10(5), Article 5. https://​doi.​org/​10.​12973/​euras​ia.​2014.​1170a

Hogan, K., & Thomas, D. (2001). Cognitive comparisons of students’ sys-
tems modeling in ecology. Journal of Science Education and Tech-
nology, 10(4), 319–345. https://​doi.​org/​10.​1023/A:​10122​43102​249

Holmes, N. G., Wieman, C. E., & Bonn, D. A. (2015). Teaching criti-
cal thinking. Proceedings of the National Academy of Sciences, 
112(36), 11199–11204. https://​doi.​org/​10.​1073/​pnas.​15053​29112

Hostetler, A., Sengupta, P., & Hollett, T. (2018). Unsilencing critical 
conversations in social-studies teacher education using agent-
based modeling. Cognition and Instruction, 36(2), 139–170. 
https://​doi.​org/​10.​1080/​07370​008.​2017.​14206​53

Mattis, K. V. (2015). Flipped classroom versus traditional textbook 
instruction: Assessing accuracy and mental effort at different levels 
of mathematical complexity. Technology, Knowledge and Learn-
ing, 20(2), 231–248. https://​doi.​org/​10.​1007/​s10758-​014-​9238-0

Mentimeter. (2021). Interactive presentation software—Mentimeter.  
Retrieved November 5, 2021, from https://​www.​menti​meter.​com/

Mulder, Y. G., Lazonder, A. W., & de Jong, T. (2015). Key charac-
teristics of successful science learning: The promise of learning 
by modelling. Journal of Science Education and Technology, 
24(2–3), 168–177. https://​doi.​org/​10.​1007/​s10956-​014-​9537-1

Müller, B., Bohn, F., Dreßler, G., Groeneveld, J., Klassert, C., Martin, 
R., Schlüter, M., Schulze, J., Weise, H., & Schwarz, N. (2013). 
Describing human decisions in agent-based models–ODD+ D, an 
extension of the ODD protocol. Environmental Modelling & Soft-
ware, 48, 37–48. https://​doi.​org/​10.​1016/j.​envso​ft.​2013.​06.​003

Murphy, K. J., Ciuti, S., & Kane, A. (2020). An introduction to agent-
based models as an accessible surrogate to field-based research 
and teaching. Ecology and Evolution, 10(22), 12482–12498. 
https://​doi.​org/​10.​1002/​ece3.​6848

https://www.comses.net/codebases/b67c5833-96fb-4c11-a37b-9034b7d58236/releases/1.0.0/
https://www.comses.net/codebases/b67c5833-96fb-4c11-a37b-9034b7d58236/releases/1.0.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cosrev.2017.03.001
https://doi.org/10.1109/ITHET.2016.7760725
https://doi.org/10.1016/j.ecolmodel.2021.109685
https://doi.org/10.1016/j.ecolmodel.2021.109685
https://doi.org/10.1080/00219266.2019.1569086
https://doi.org/10.1080/00219266.2019.1569086
https://doi.org/10.1007/s11538-020-00778-z
https://doi.org/10.1007/s11538-020-00778-z
https://doi.org/10.1007/s10980-012-9787-3
https://doi.org/10.1002/sce.21217
https://doi.org/10.1016/j.landurbplan.2016.03.015
https://doi.org/10.5408/12-395.1
https://doi.org/10.1007/s10956-013-9480-6
https://doi.org/10.7717/peerj.2814
https://doi.org/10.1016/j.agsy.2010.09.008
https://doi.org/10.12973/eurasia.2014.1170a
https://doi.org/10.1023/A:1012243102249
https://doi.org/10.1073/pnas.1505329112
https://doi.org/10.1080/07370008.2017.1420653
https://doi.org/10.1007/s10758-014-9238-0
https://www.mentimeter.com/
https://doi.org/10.1007/s10956-014-9537-1
https://doi.org/10.1016/j.envsoft.2013.06.003
https://doi.org/10.1002/ece3.6848


266	 Journal of Science Education and Technology (2023) 32:256–266

1 3

Murphy, K. J., Griffin, L. L., Nolan, G., Haigh, A., Hochstrasser, 
T., Ciuti, S., & Kane, A. (2022). Applied autoethnography: A 
method for reporting best practice in ecological and environmental 
research. Journal of Applied Ecology, 1365–2664, 14252. https://​
doi.​org/​10.​1111/​1365-​2664.​14252

NetLogo. (2021). NetLogo 6.2.1 User Manual. Retrieved October 25, 
2021, from http://​ccl.​north​weste​rn.​edu/​netlo​go/​docs/

Railsback, S. F., & Grimm, V. (2012). Agent-based and individual-based 
modeling: A practical introduction. Princeton University Press.

Rates, C. A., Mulvey, B. K., & Feldon, D. F. (2016). Promoting con-
ceptual change for complex systems understanding: Outcomes 
of an agent-based participatory simulation. Journal of Science 
Education and Technology, 25(4), 610–627. https://​doi.​org/​10.​
1007/​s10956-​016-​9616-6

Rittel, H. W. J., & Webber, M. M. (1973). Dilemmas in a general theory 
of planning. Policy Sciences, 4, 155–169.

Schwarz, C. V., Reiser, B. J., Davis, E. A., Kenyon, L., Achér, A., Fortus, 
D., Shwartz, Y., Hug, B., & Krajcik, J. (2009). Developing a learn-
ing progression for scientific modeling: Making scientific modeling 
accessible and meaningful for learners. Journal of Research in Sci-
ence Teaching, 46(6), 632–654. https://​doi.​org/​10.​1002/​tea.​20311

Sun, Z., Lorscheid, I., Millington, J. D., Lauf, S., Magliocca, N. 
R., Groeneveld, J., Balbi, S., Nolzen, H., Müller, B., Schulze, 
J., & Buchmann, C. M. (2016). Simple or complicated agent-
based models? A complicated issue. Environmental Modelling 

& Software, 86, 56–67. https://​doi.​org/​10.​1016/j.​envso​ft.​2016.​
09.​006

Turner, B. L., Wuellner, M., Cortus, E., & Chumbley, S. B. (2021). A 
multi‐university cohort model for teaching complex and interdisci-
plinary problem‐solving using system dynamics. Systems Research 
and Behavioral Science. https://​doi.​org/​10.​1002/​sres.​2778

Valbuena, D., Verburg, P. H., Veldkamp, A., Bregt, A. K., & Ligtenberg, 
A. (2010). Effects of farmers’ decisions on the landscape struc-
ture of a Dutch rural region: An agent-based approach. Landscape 
and Urban Planning, 97(2), 98–110. https://​doi.​org/​10.​1016/j.​ 
landu​rbplan.​2010.​05.​001

Wilensky, U. (1999). NetLogo. Center for Connected Learning and Computer-
Based Modeling, Northwestern University, Evanston, IL. Retrieved 
October 25, 2021, from http://​ccl.​north​weste​rn.​edu/​netlo​go/

Wipper, A. (2021). Digitale Lehre an der Hochschule. Verlag Barbara 
Budrich.

Zellner, M., & Campbell, S. D. (2015). Planning for deep-rooted prob-
lems: What can we learn from aligning complex systems and 
wicked problems? Planning Theory & Practice, 16(4), 457–478. 
https://​doi.​org/​10.​1080/​14649​357.​2015.​10843​60

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/1365-2664.14252
https://doi.org/10.1111/1365-2664.14252
http://ccl.northwestern.edu/netlogo/docs/
https://doi.org/10.1007/s10956-016-9616-6
https://doi.org/10.1007/s10956-016-9616-6
https://doi.org/10.1002/tea.20311
https://doi.org/10.1016/j.envsoft.2016.09.006
https://doi.org/10.1016/j.envsoft.2016.09.006
https://doi.org/10.1002/sres.2778
https://doi.org/10.1016/j.landurbplan.2010.05.001
https://doi.org/10.1016/j.landurbplan.2010.05.001
http://ccl.northwestern.edu/netlogo/
https://doi.org/10.1080/14649357.2015.1084360

	Teaching the Modeling of Human–Environment Systems: Acknowledging Complexity with an Agent-Based Model
	Abstract
	Introduction
	Methods
	Classroom Setting and Student Characteristics
	Agent-Based Model of a Human–Environment System: World of Cows
	NetLogo—an Easy Access to Complex Modeling
	Group Work—An Indication of Students’ Capacity to Deal with Model Complexity

	Results
	Appropriateness of Research Goals
	Suitability of Methods
	Plausibility of Results
	Acknowledgment of Limitations
	Links to Real-World Challenges and Policy Suggestions

	Discussion
	Most Students Successfully Handled Model Complexity
	Success Factors for Teaching Complex Systems to a Heterogeneous Group of Students
	Methodological Limitations

	Conclusion
	Acknowledgements 
	References


