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Introduction: Abductive reasoning is a type of reasoning thatis applied to generate
causal explanations. Modeling for inquiry is an important practice in science
and science education that involves constructing models as causal explanations
for scientific phenomena. Thus, abductive reasoning is applied in modeling for
inquiry. Biological phenomena are often best explained as complex systems, which
means that their explanations ideally include causes and mechanisms on different
organizational levels. In this study, we investigate the role of abductive reasoning
in modeling for inquiry and its potential for explaining biological phenomena as
complex systems.

Methods: Eighteen pre-service science teachers were randomly assigned to
model one of two biological phenomena: either a person’s reddened face, for
which participants knew of explanations from their everyday lives, or a clownfish
changing its sex, for which participants did not know about explanations. Using
the think-aloud method, we examined the presence of abductive reasoning in
participants’ modeling processes. We also analyzed modeling processes in terms
of participants’ ability to model the phenomena as complex systems.

Results: All participants reasoned abductively when solving the modeling task.
However, modeling processes differed depending on the phenomenon. For the
reddened face, participants generated simple models that they were confident
with. In contrast, for the clownfish, participants generated more complex models
that they were insecure about. Extensive engagement in abductive reasoning
alone did not lead to the generation of models that explained the phenomena
as complex systems.

Discussion: Based on the findings, we conclude that engagement in abductive
reasoning will not suffice to explain phenomena as complex systems. We
suggest examining in future studies how abductive reasoning is combined with
systems thinking skills to explain phenomena as complex systems in biological
model construction.

KEYWORDS

reasoning, modeling, abduction, explanation, inquiry, complexity, systems thinking (ST),
mechanism

1. Introduction

Modeling is a key practice in science (Koponen, 2007; Lehrer and Schauble, 2015; Frigg
and Hartmann, 2020) and, thus, a central practice in standards for science education (OECD,
2008; NGSS Lead States, 2013; KM, 2020). In science and science education, modeling has
two functions. One is representational modeling, where a model is constructed as a focused
representation of the phenomenon and is applied as a medium for communicating about
the phenomenon (Oh and Oh, 2011; Gouvea and Passmore, 2017; Upmeier zu Belzen et al.,
2021). The other function is modeling for inquiry, where a model is constructed as a possible
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explanation for the phenomenon, and it is applied as a research tool
for deriving hypotheses and conducting investigations to test them
(Oh and Oh, 2011; Gouvea and Passmore, 2017; Upmeier zu Belzen
et al,, 2021). Both functions of modeling deal with the explanation
of phenomena, but they refer to different meanings of explaining
(Rocksén, 2016; Ke and Schwarz, 2019; Upmeier zu Belzen et al.,
2021): while representational modeling is about explaining to make
something clear about a well-studied phenomenon, modeling for
inquiry is about explaining fo justify something about a so-far-
explained phenomenon. In both explanatory senses, and thus in
both functions of modeling, biological phenomena are often best
explained as complex systems (Hmelo-Silver et al., 2017; Snapir
et al., 2017). A phenomenon is explained as a complex system
if its explanation includes causes and mechanisms on different
organizational levels (Schneeweil and Gropengiefler, 2019, 2022;
Ben Zvi Assaraf and Knippels, 2022; Penzlin et al., 2022).

Systems thinking is conceptualized as higher-order thinking
skills that help learners to “make sense of complexity” (Ben Zvi
Assaraf and Knippels, 2022, p. 250). Thus, systems thinking skills
are needed to explain biological phenomena as complex systems.
Scholars have argued that modeling scaffolds learners in applying
systems thinking skills by providing a focused representation of
complex phenomena (Ben Zvi Assaraf and Knippels, 2022; Dauer
et al., 2022; Tamir et al, 2023). This bridges representational
modeling and systems thinking skills.

Although representational modeling is highly important to
teach content knowledge about concrete phenomena (Stieff et al.,
2016; Upmeier zu Belzen et al., 2019) in science and biology
education, it is “insufficient to capture the full scope of the function
of models” (Cheng et al., 2021, p. 308). Therefore, it is also
important to consider the function of modeling for inquiry and
its relation to systems thinking in science and biology education
(Passmore et al., 2014; Gouvea and Passmore, 2017). Adding to
the bridge between representational modeling and systems thinking
skills, we propose to link systems thinking skills and modeling
for inquiry: modeling for inquiry involves generating explanations
for so-far-unexplained phenomena (e.g., Gouvea and Passmore,
2017; Upmeier zu Belzen et al., 2021). Thus, systems thinking skills
are needed in modeling for inquiry to explain so-far-unexplained
phenomena as complex systems.

Abductive reasoning is defined as the type of reasoning that
generates causal explanations (e.g., Peirce, 1978; Magnani, 2004).
It has been stated that abductive reasoning is the primary mode
in model construction for inquiry (e.g., Svoboda and Passmore,
2013; Oh, 2019). Modelers apply abductive reasoning in model
construction when they generate novel explanations using creative
analogies or when they select between concurring explanations
(Clement, 2008; Schurz, 2008). This important role of abductive
reasoning in modeling for inquiry in biology has been justified by
historical analysis of modeling processes leading to important ideas
in biology (Adtriz-Bravo and Gonzilez Galli, 2022), theoretical
argumentations (Upmeier zu Belzen et al,, 2021), and case studies
(Clement, 2008; Svoboda and Passmore, 2013). In this study,
we aim to add to these findings by examining the role of
abductive reasoning in modeling for inquiry and the relationships
between abductive reasoning and the ability to explain biological
phenomena as complex systems. Generated inferences will
contribute to research by providing further empirical arguments
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discussing the role of abductive reasoning in modeling of complex
biological phenomena. In addition, the findings of this study should
help to develop instructional strategies for modeling of phenomena
as complex systems in biology education.

2. Theoretical background

2.1. Modeling for inquiry in biology
education

We conceptualize modeling for inquiry as the iteration between
model construction and model application (Krell et al, 2019;
Upmeier zu Belzen et al, 2021). This concept of modeling is
supported by empirical evidence from studies that have examined
the modeling processes of middle-school students (Meister and
Upmeier zu Belzen, 2020) as well as pre-service biology teachers
(Gohner and Krell, 2020; Meister et al., 2021; Gohner et al., 2022)
and matches concepts of modeling among other researchers who
use similar terminology (constructing and evaluating models, see
Cheng et al., 2021; construct and improve models, see Nicolaou and
Constantinou, 2014, p. 53; creating and using models, see Oh, 2019).

In modeling for inquiry, model construction is about
generating a plausible explanation for a so-far-unexplained
phenomenon (Gouvea and Passmore, 2017; Upmeier zu Belzen
et al,, 2021). Based on this perspective, a generated explanation
for a phenomenon is the product of model construction and
conceptualized as the model (Rohwer and Rice, 2016; Rice
et al,, 2019). Scientific inquiry aims to find causal explanations,
i.e, to explain why and how phenomena emerge (Perkins and
Grotzer, 2005; Haskel-Ittah, 2022). Causal explanations should
at least provide a cause for why phenomena occur. Ideally,
causal explanations in science combine a cause with a concrete
mechanism that explains not only why but also how phenomena
have emerged (Salmon, 1990; Alameh et al., 2022; Penzlin et al,
2022). Different modelers have different views of what counts
as a satisfying explanation (Cheng et al, 2021). However, if a
modeler has generated a plausible explanation for themselves,
then “model construction temporarily ends” (Upmeier zu Belzen
et al., 2021, p. 4). In the following stage of model application,
the generated explanatory model is used to derive predictions and
strategies to test them with inquiry methods, such as experiments
or observations (Giere, 2009; Gouvea and Passmore, 2017; Upmeier
zu Belzen et al., 2021).

2.2. Abductive reasoning in modeling for
inquiry

Different stages of scientific inquiry are connected to different
types of reasoning (Lawson, 2003, 2010; Aduriz-Bravo and Sans
Pinillos, 2019). The relationships between and definitions of
reasoning types in inquiry are discussed in the philosophy of
science literature (e.g., Kuipers, 2004; Aduriz-Bravo and Gonzalez
Galli, 2022). According to Peirce (1978), induction, deduction, and
abduction are the types of reasoning that are involved in scientific
inquiry. Within the Peircean framework, inductive reasoning is
defined as generalizing from observations, deductive reasoning
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as predicting based on existing theories or rules, and abduction
as generating and selecting causal explanations. The example of
observing a wet sidewalk has previously been used to illustrate these
reasoning processes (e.g., Aduriz-Bravo and Gonzélez Galli, 2022).
Using inductive reasoning, one would generalize that all sidewalks
are wet. Using deductive reasoning, one would predict that the next
sidewalk one walks on will also be wet. Using abductive reasoning,
one could generate the explanation that the wet sidewalk is caused
by cleaning activity in the city, but upon considering that people are
walking with raincoats and seeing gray clouds in the sky, one would
decide that the wet sidewalk having been caused by rain is a more
plausible explanation.

The three reasoning types are involved in modeling for inquiry
(Upmeier zu Belzen et al., 2021). Induction is involved if models are
constructed based on the generalization of observations. Induction
leads to testable models but does not bring new ideas into modeling
for inquiry (Wirth, 2003; Magnani, 2004; Upmeier zu Belzen
et al, 2021). New ideas in model construction are generated by
abductive reasoning (Wirth, 2003; Magnani, 2004; Upmeier zu
Belzen et al., 2021), since abduction is about generating causal
explanations for a phenomenon and selecting between them.
Deductive reasoning is involved in model application when using
models to derive predictions that act as hypotheses for planning
and conducting further inquiry into the phenomenon (Dunbar,
20005 Giere et al., 2006; Halloun, 2007). In this study, we focus
on abductive reasoning. We operationalize this by applying the
theoretical concepts of the steps of abduction that have been
proposed in a cognitive psychological framework of abductive
reasoning (Johnson and Krems, 2001; Baumann et al., 2007) and
the patterns of abduction that are described in the philosophy of
science literature (Habermas, 1968; Wirth, 2003; Schurz, 2008).

2.2.1. Steps of abduction

In their framework, Johnson and Krems (2001) proposed
seven steps of abduction, which are not taken in a fixed sequence;
hence, they interact with each other and depend on situational
preconditions. In our study, we use six of the steps to operationalize
abductive reasoning in model construction (Table 1).

TABLE 1 Steps of abduction, adapted from Johnson and Krems (2001).

Step Description

Collect data Modelers observe a phenomenon and gather

information.

Comprehend Modelers integrate collected data into their prior
knowledge to generate a primary explanation for the

phenomenon.

Refine Modelers specify on explanations, for instance by
combining multiple explanations or by generating a

mechanism.

Discriminate Modelers select between explanations and decide which

explanation is worth further investigation.

Check Modelers evaluate the logical consistency of

explanations.

Resolve anomaly Modelers eliminate logical inconsistencies from an

explanation.
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Test is another step proposed in Johnson and Krems’s (2001)
framework of abductive reasoning. The test step is about developing
strategies (e.g., experiments) to further investigate the generated
model. Those testing strategies are ideally based on model-derived
predictive hypotheses (Giere et al.,, 2006; Godfrey-Smith, 2006).
Deductive reasoning is considered to be the type of logical
reasoning that leads to predictive hypotheses about a phenomenon.
Thus, we do not refer to the test step as a step in abductive reasoning
in model construction, but rather as the step that indicates the
transition from abductive reasoning in model construction to
deductive reasoning in model application (Upmeier zu Belzen et al.,
2019, 2021).

2.2.2. Patterns of abduction

The pattern of abduction that is applied in modeling for inquiry
depends on how much modelers already know about possible
explanations for a phenomenon (Habermas, 1968; Wirth, 2003;
Schurz, 2008). The pattern of creative abduction is applied if
modelers do not know possible explanations for the phenomenon
(Schurz, 2008). Thus, they need to create a novel one, e.g., by
creating analogies, which means transferring knowledge from other
contexts (Clement, 2008). When Darwin observed the diversity of
finches with different beak shapes and diets, he explained it through
the concept of a common ancestor and evolution by natural
selection over time. This was a novel explanation that he generated
creatively based on the analogy of change in domesticated animals
under human selection (Aduriz-Bravo and Gonzalez Galli, 2022).
The pattern of selective abduction is applied if modelers know
about explanations (or at least about concrete causes) for the
phenomenon and need to apply their knowledge to select plausible
ones (Schurz, 2008). For example, if a patient presents with a
common symptom such as high blood pressure, a doctor needs
to apply knowledge of the patient’s medical history to select one
among many possible explanations for the symptom.

2.3. Complexity and systems thinking skills
in biology education

Biology is the science of life (Hillis et al., 2020). Biological
phenomena are observable processes or events that occur within or
involving living organisms at various levels of organization, from
molecular to populational or biosphere levels. Since interactions
among these levels result in emergent properties (Schneeweifs and
Gropengief3er, 2019, 2022), biological phenomena are inherently
complex (e.g., Ben Zvi Assaraf and Knippels, 2022; Haskel-
Ittah, 2022) and best explained as complex systems (Duncan,
2007; Hmelo-Silver et al., 2017; Snapir et al., 2017). A biological
phenomenon is explained as a complex system if its explanation
involves causes and mechanisms at different levels of organization
(Schneeweifl and Gropengiefler, 2019, 2022; Penzlin et al., 2022).
As systems thinking skills help learners to understand and interpret
complex systems (Dor-Haim and Ben Zvi Assaraf, 2022), they are
needed to explain biological phenomena (Verhoeft et al., 2018).
Among others, cross-level reasoning and identification of system
components and relationships are important systems thinking skills
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(Tamir et al., 2023). These skills are addressed in the component
mechanism phenomena (CMP) approach by Hmelo-Silver et al.
(2017). The CMP approach addresses the skill of identifying the
components of systems (which we consider as causes;' Penzlin
et al, 2022) and their relationships by emphasizing whether
they are linked by mechanisms. Furthermore, the CMP approach
addresses cross-level reasoning by emphasizing whether causes
and mechanisms refer to micro- or macro-levels of biological
organization (Hmelo-Silver et al., 2017; Snapir et al., 2017).

2.4. Research about abductive reasoning in
modeling for scientific inquiry

The role of abductive reasoning in scientific inquiry has been
justified by theoretical and historical argumentation. Philosophers
of science argue that revolutionary scientific ideas, such as Kepler’s
model of elliptic planet orbits or Darwin’s theory of biological
evolution, emerged by abductive reasoning, which means the
generation and selection of novel explanations that expand what
is already known about a natural phenomenon (Wirth, 2003;
Schurz, 2008; Lawson, 2010; Aduriz-Bravo and Gonzalez Galli,
2022). Since in modeling for inquiry a model is constructed as a
possible explanation for a phenomenon (Rohwer and Rice, 2016;
Rice et al, 2019), it has been argued that “the primary mode
of reasoning during model construction is abductive” (Svoboda
and Passmore, 2013, p. 124). By analyzing historical episodes of
mathematical model construction, Park and Lee (2018) assign an
abductive nature to mathematical modeling that leads to new
models that are applied subsequently in mathematical inquiry.
In case studies with pre-service elementary school teachers,
Oh (2019, 2022) provides empirical evidence about abductive
reasoning in modeling of geoscientific phenomena. The author
states that the participants struggle to generate a plausible
explanation if they search for a linear and direct relationship
between a single cause and the observed phenomenon. Oh
(2022) concludes that abductive reasoning is well-suited to the
construction of models that explain phenomena in earth science
if abductive reasoning is combined with systems thinking skills.
Based on case studies with middle- and high-school students
who constructed models for physical and biological phenomena,
Clement (2008) argues that abductive reasoning is present in
model construction, i.e., when modelers rely on analogies when
generating explanations. This analogical reasoning connects to
the pattern of creative abduction suggested by Schurz (2008, see

1 The CMP approach has been applied to assess how learners describe
complex systems (Hmelo-Silver et al., 2017; Snapir et al., 2017). In the systems
thinking literature, and under the CMP approach, the term “component” is
commonly used to describe entities in a system'’s explanation (e.g., Goldstone
and Wilensky, 2008; Ben Zvi Assaraf and Knippels, 2022). However, in this
study, we apply the CMP approach to modeling for inquiry, which aims
to explain the emergence of a phenomenon. In the context of scientific
inquiry, the term "cause” is used to describe the initial entity that leads to
the emergence of the phenomenon. Therefore, in this article, we use the
term “cause” instead of “component” when applying the CMP approach to

modeling for inquiry.
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Chapter 2.2). Svoboda and Passmore (2013) explicitly describe
the usage of the selective abduction pattern during biological
model construction in their article about modeling strategies
among undergraduate biology students. They also describe how
students apply creative abduction when generating models to
explain phenomena by using analogies. The case studies of Clement
(2008) and Svoboda and Passmore (2013) provide evidence that
indicates the important role of abductive reasoning in modeling of
biological phenomena.

In these related studies, the authors define abductive reasoning
broadly as the reasoning that leads to the generation and selection
of causal explanations for so-far-unexplained phenomena. In this
article, we add to these studies by applying concrete theoretical
concepts to operationalize abductive reasoning. These concepts are
the proposed steps from the cognitive psychological framework
of abduction (Johnson and Krems, 2001) and the patterns of
creative and selective abduction as proposed by philosophers of
science (e.g., Schurz, 2008). Furthermore, we aim to examine the
relationship of these abductive reasoning concepts to the ability to
model biological phenomena as complex systems.

Our research questions (RQ) are:

RQ1: To what extent are the steps of abductive reasoning present
in modeling processes to explain biological phenomena?

RQ2: What are the differences between patterns of selective
abduction and creative abduction when modeling
biological phenomena?

RQ3: How do steps and patterns of abductive reasoning

relate to modeling of biological phenomena as

complex systems?

3. Methods
3.1. Study type and sample

This study investigated abductive reasoning in modeling and its
relation to modeling of biological phenomena as complex systems.
Participants were 20 pre-service biology teachers (mean age = 27,
SD = 2.6) from master’s programs at two German universities.
Participants were recruited in university seminars and confirmed
their intention to voluntarily participate in this study via email
before the interviews.

Using modeling for inquiry is challenging for both students
and teachers (e.g., Cheng et al, 2021; Goéhner et al, 2022).
Therefore, the inclusion criterion for the participants in this
study was that they had completed a course on scientific inquiry
methods. In this course, they learned about using modeling as
a method for inquiry, such as constructing models based on
evidence or using a model to predict a phenomenon. Although
they most likely engaged intuitively in abductive reasoning
during modeling activities as part of the seminar, they were not
explicitly taught about the concept of abduction. This allowed
the examination of abductive reasoning in modeling biological
phenomena for inquiry among individuals who had learned how
to use modeling for inquiry without having been explicitly taught
about abductive reasoning.
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3.2. Implementation of the modeling task

To analyze abductive reasoning processes in modeling, think-
aloud interviews (Ericsson and Simon, 1980) were conducted; these
were implemented online due to the pandemic situation in the
winter of 2021. During the interviews, participants worked on a
modeling task implemented in SageModeler (Biclik et al., 2018),
which is an online application that allows learners to be engaged
in several modeling activities from the drawing of simple diagrams
to the construction of semi-quantitative simulation models. In
our study, SageModeler was used as a drawing tool for creating
process diagrams, enabling participants to create and label boxes
and arrows. The more advanced features of the program, e.g.,
performing semi-quantitative simulations, were not needed for
our study. Therefore, these features were not introduced to the
participants and were disabled in the settings section of the
SageModeler online environment. We chose SageModeler as the
drawing tool for this study because it allows the drawing of
process diagrams on a computer. Thus, it was a solution to enable
monitoring of the drawing processes, even in an online interview
situation. Additionally, we had prior experience in using this tool
for drawing diagrams in previous studies with pre-service science
teachers. In those studies, we found that SageModeler had good
usability for a task that requires the drawing of process diagrams
(Engelschalt et al., 2023).

The instruction for the modeling task given to the participants
was “Draw your solution process of how a specific phenomenon has
emerged in a process diagram while referring to concrete causes.”

Abductive reasoning in model construction is about generating
a causal explanation for a phenomenon. Causal explanations in
science ideally include causes and mechanisms (Salmon, 1990;
Alameh et al, 2022; Penzlin et al., 2022). By prompting the
participants to find concrete causes and elaborate on how the
phenomenon emerged, this instruction referred to both generating
causes and mechanisms to explain a phenomenon and was
applied to operationalize abductive reasoning processes in model
construction. This instruction was also open for the participants
to develop strategies to test their explanations; this corresponds
to Johnson and Krems’s (2001) fest step, which according to our
conception indicates the transition from abductive reasoning in
model construction to deductive reasoning in model application.

Drawing their solution process in a process diagram was
implemented as a way to scaffold participants’ mental modeling
activities. Furthermore, the models and modeling processes thereby
externalized were analyzed regarding their complexity by applying
the CMP approach (see Section Complexity in model construction
processes). Examples of the process diagrams produced can be
found in Figures 1A, B.

Two biological phenomena were chosen as contexts for the
task. One phenomenon concerned a person with a reddened face
(the reddened face phenomenon, RFP). The other concerned a
male clownfish changing its sex after the only female fish in the
population died (the clownfish phenomenon, CFP). We applied
these phenomena to operationalize the patterns of abduction.
Specifically, the RFP is relevant to participants’ daily lives and most
participants likely have personal experience with it. Therefore, we
expected participants to know about explanations or at least causes
for a person’s reddened face. This argumentation is also supported
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by the findings of a previous study in which we implemented the
RFP modeling task with pre-service science teachers and most
participants generated multiple explanations for the phenomenon
(see Upmeier zu Belzen et al., 2021). Thus, the RFP was used to
operationalize the pattern of selective abduction (Schurz, 2008). On
the other hand, as the CFP is a very specific biological phenomenon,
we did not expect that most of the participants would know of
an explanation for it. Given this, model construction for the CFP
is about creating a plausible explanatory model by transferring
knowledge from other contexts and the challenge is more to
find a possible explanation meeting the given constraints. Thus,
the CFP was applied to operationalize the pattern of creative
abduction (Schurz, 2008). In this way, the patterns of abduction
were operationalized by applying two phenomena as modeling
contexts: in the RFP context, participants were expected to know
about explanations or at least concrete causes, while in the CFP
context, participants were not expected to have such knowledge.
To ensure this difference in the modeling contexts, we excluded
participants from the analysis if they reported in the think-aloud
interview that they already knew about a specific explanation for
the CFP or if they reported not knowing of explanations for the RFP
(see Section Data processing). To generate more detailed evidence
on participants’ prior knowledge about explanations for the RFP
and CFP, pre-tests could have been performed. Like other studies
assessing knowledge and reasoning processes involved in modeling
(Ruppert et al., 2017; Bennett et al., 2020), we decided against pre-
testing our participants’ prior knowledge about explanations for the
CFP and RFP. We justify this with three arguments:

1. There are many causes to explain the RFP, and anticipation of all
knowledge that is related to these causes is neither economic nor
possible to fully achieve in a pre-test.

2. Prompts employed in prior knowledge pre-tests could have
possibly influenced which knowledge participants would refer
to, which would make their responses to the modeling task less
spontaneous and less authentic.

3. Think-aloud interviews as conducted for this study are
linked to high cognitive load and fatigue among the
participants (Sandmann, 2014). Answering a knowledge
pre-test before the interview could enhance cognitive load
and fatigue.

3.3. Interview method

Participants were interviewed using the think-aloud method
(Ericsson and Simon, 1980; Sandmann, 2014). Under this method,
participants were asked to speak out loud about any thoughts
that came into their minds while working on the modeling task.
The method of think-aloud has been shown to capture reasoning
processes (Sandmann, 2014; Leighton, 2017). Matching this, think-
aloud has been implemented in previous studies examining pre-
service science teachers’ (Meister et al., 2021; Gohner et al., 2022)
and high-school students’ (Meister and Upmeier zu Belzen, 2020)
reasoning processes in modeling for inquiry. The structure of
the interviews followed the suggestion by Sandmann (2014): after
a short introduction about the aim of the interview and an
explanation of the think-aloud method, participants started with
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a warm-up task to get used to speaking every thought out loud.
In this study, the warm-up task was to formulate a heading for
a short picture story. Before working on the modeling task, each
participant watched a short video (1:42 min) that explained how
to draw a process diagram in SageModeler. After watching the
video, either the RFP or the CFP was randomly presented to the
participant in the form of a short text to read. Randomization was
automatically implemented in SoSci Survey. While the participant
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worked on the modeling task (either the CFP or the RFP modeling
task), the interviewer did not comment on their thoughts. The
interviewer only replied to questions from the participant that
concerned their general understanding of the instruction. If a
participant asked specific questions about the phenomena, the
interviewer did not answer them concretely and just referred to the

task. On average, the interviews lasted around 21 min each (M =
20.87 min, SD = 5.7 min).
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3.4. Data processing

The audio of the interviews and the screens of the
interviewed participants were recorded. The audio was transcribed.
Furthermore, the process diagrams produced were collected via
a shared link. Two participants were excluded from the analysis.
One was excluded since the participant (pseudonym CFPO01) stated
that they already knew of an explanation for the CFP. Therefore,
the participant had explicit prior knowledge about the CFP, which
does not match the definition of creative abduction (Schurz, 2008).
The other participant (pseudonym RFP09) modeled the RFP and
was excluded due to not being able to produce a process diagram
in SageModeler, which inhibited this participant’s progression in
the task.

3.5. Data analysis

3.5.1. Abductive reasoning steps

To analyze participants’ engagement in abductive reasoning
steps during model construction, a coding scheme was developed
based on Johnson and Krems (2001, Table 2). In the development
process, the steps collect data and comprehend were adapted from
their original descriptions. This was necessary due to differences in
the task format. In contrast to our task, the task used in the study
by Johnson and Krems (2001) allowed the participants to always
collect additional data, which they needed to comprehend. While
in Johnson and Krems’s framework collect data was about actively
generating data and comprehend was about understanding the
collected data, in our study collect data was about explicating ideas
on how to generate data and comprehend was about understanding
the data that were given in the modeling task instruction.

The test step, which is another step in Johnson and Krems’s
framework of abduction, was used to operationalize the transition
from abductive reasoning in model construction to deductive
reasoning in model application in this study.

The coding scheme shown in Table 2 was used to identify
the abductive reasoning steps in the transcripts of the interviews.
Coding was performed using the MAXQDA program (VERBI
Software, 2022), which allowed coders to watch recorded videos
while coding passages from the transcripts. Coders were instructed
to assign codes to related passages that were as short as possible
but as long as necessary. Therefore, passages of varying lengths
(from small word groups to several sentences) were assigned to
the steps. Passages that did not fit into any of the steps (such as
when participants talked about how they arranged their diagram)
were not coded. The reliability and objectivity of the analysis were
supported by substantial intra-rater agreements for two transcripts
(k = 0.73, calculated according to Brennan and Prediger, 1981;
interpreted according to Landis and Koch, 1977) and substantial
inter-rater agreements between two coders for six transcripts (k
= 0.71, Landis and Koch, 1977). Agreement was counted if at
least 95% of a passage received the same code from the two
independent coders.

Referring to RQI, the occurrence and frequency of each of
the steps were analyzed. This was done by examining which of
the steps occurred in each participants transcript and how often
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they occurred. By counting occurrences of each step, we gathered
information about how often a step occurred in modeling processes
for each participant and overall for the 18 participants whose data
were analyzed.

Referring to RQ2, frequencies of the abductive reasoning
steps addressed were compared between CFP participants and
RFP participants to examine possible differences between the
modeling processes.

3.5.2. Complexity in model construction
processes

In modeling for inquiry, models are constructed as
explanations for phenomena (Rice et al, 2019; Upmeier zu
Belzen et al, 2021). If this explanation involves causes and
mechanisms on different organizational levels, the phenomenon is
explained as a complex system. However, modelers are not always
able to formulate mechanisms. In such cases, phenomena are only
explained by a cause. This is why, for our analysis, we defined a
model as an attempt to explain the phenomenon that includes at
least one concrete cause for its emergence.

Both implemented phenomena, the RFP and CFP, refer
to physiological processes within an organism as well as the
interplay of an organism with the environment. Thus, they
can be explained as complex systems (Hmelo-Silver et al,
2017; Snapir et al, 2017). Our task instruction allowed the
participants to suggest several concurring models for the same
phenomenon. Therefore, we did not analyze the complexity of
single models but all models that participants proposed in their
model construction processes. Participants’ model construction
processes were analyzed discursively in terms of complexity by two
coders who analyzed the diagrams in combination with the think-
aloud protocols. Therefore, a coding scheme was adapted based on
the CMP approach (Hmelo-Silver et al., 2017). The approach scores
complexity based on connections between causes (C, originally
labeled components by Hmelo-Silver et al., 2017, see Chapter 2.3),
mechanisms (M), and the phenomenon (P) in the CMP score and
the connection of micro- and macro-levels of organization in the
micro-macro score.

The adaptation of the scheme for our study mainly involved
changes in the CMP score. In the study of Hmelo-Silver
et al. (2017), participants were instructed to model a lake
ecosystem. The participants received points for describing concrete
phenomena within their externalized models. The instruction
of our study differed from the study of Hmelo-Silver et al.
(2017) in that our participants were explicitly prompted to find
causes for a given phenomenon (the RFP or CFP). Therefore, a
concrete phenomenon was described in the instruction, and only
representing this description in the instruction was not scored
(“P Table 3). Participants who generated only one cause, which
they directly connected to the emergence of the phenomenon
(“C—P”), generated a simple linear explanation that is most
likely not adequate for explaining biological phenomena (Haskel-
Ittah, 2022). Participants who generated multiple causes (]:C— P:|)
showed higher complexity in their model construction processes,
because this indicates that they acknowledged the presence of
more than one entity that might cause a phenomenon. However,
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TABLE 2 Coding scheme for analyzing abductive reasoning steps.

10.3389/feduc.2023.1170967

Code Coding rules participant... Example

Collect data ... develops ideas on how to generate data without referring The first thing I do is, when the person enters, I look at him
to concrete explanations or claims that more information is or her and try to find some indications on his or her body.
needed to start solving the phenomenon.

Comprehend ... activates prior knowledge to understand the given data of | Okay, so, when the female dies, then somehow some kind of
the instruction or reports difficulties in understanding the communication process must take place. Okay, the question
given data of the instruction. now, how can the fish suddenly change its sex?

Refine ... specifies generated explanations. Maybe it is not only the presence of hormones (...) Perhaps

some sort of threshold needs to be reached as well.

Check ... evaluates plausibility/probability of thought-up My idea was that the person did sports (...) that seems
explanation. logical to me.

Discriminate ... decides against an explanation if it was not evaluated as I guess he did not paint himself, it is more likely a body
plausible or if others were more plausible. reaction.

Resolve anomaly ... discards (parts of) generated explanations. Something else is happening here. So, I'd like to change that

again.

Test* ... derives a prediction from a generated explanation or If I want to examine whether doing exercise is the cause, I
derives a strategy for how to test the generated explanation. could measure heart rate.

*According to our conceptualization of modeling for inquiry, the “test” step represents the transition from abductive reasoning in model construction to deductive reasoning in

model application.

TABLE 3 Coding scheme for CMP scoring of model construction processes.

CMP relation Explanation Score
P Participants described the phenomenon without elaborating on causes and mechanisms for its 0
emergence.
Example RFP: No examples in our data
Example CFP: Female of the population dies — biggest male fish changes sex — new female
C—> P Participants generated a single cause to explain the phenomenon without elaborating on mechanisms 1
by which this cause might lead to the phenomenon.
Example RFP: Anger—causes— reddened face
Example CFP: Hormones—influence— sex change
[:C—P:| Participants guessed multiple causes to explain the phenomenon without elaborating on mechanisms 2
by which the causes might lead to the phenomenon.
C—->M—P Participants guessed a single cause to explain the phenomenon and elaborated on a mechanism by 3
which the cause might lead to the phenomenon.
Example RFP: A stress situation—leads to — secretion of stress hormones—body reaction of—
increasing blood pressure—higher blood flow in the head—results in — the reddened face
Example CFP: Absence of female fish —lack of pheromone changes— hormonal system of the male
fish—leads to — sex change.
[:C— M— P Participants guessed multiple causes to explain the phenomenon and elaborated on mechanisms by 4
which the causes might lead to the phenomenon.

only when they included at least one cause and a mechanism
to explain the phenomenon had participants explained it as
a complex system. Participants who connected several causes
and mechanisms to explain the phenomenon (“|:C—M—P:|”)
demonstrated the highest levels of complexity in their model
construction processes. This indicates that they recognized that
multiple entities in a system can cause a biological phenomenon
and that there are hidden mechanisms that lead to the emergence
of biological phenomena. Within the coding scheme, causes
were defined as the initial entity for why the phenomenon
emerged (Kampourakis and Niebert, 2018) and mechanisms were
defined as the entity’s activities and interactions describing how
the phenomenon emerged (Craver and Darden, 2013; Haskel-
Ittah, 2022). Direct arrows from cause to phenomenon without
any descriptions or arrows containing verbal connection that
include only vague filler terms such as influence, affect, and
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lead to (black boxes, Haskel-Ittah, 2022) were not counted as
concrete mechanisms and thus not scored under our scheme.
Technical terms summarizing concrete biological mechanisms
such as natural selection or blood vessel dilation were coded
as mechanisms.

The coding scheme for the micro-macro score was adopted
from Hmelo-Silver et al. (2017). The lowest micro-macro scores
were coded when participants only referred to either the micro-
or macro-level of biological organization (Table 4). The highest
scores were coded when participants connected elements on both
the micro- and macro-levels during model construction. The
latter indicates that participants took the complexity of biological
organization into account.

The micro-level refers to “the part of reality that is only
accessible through the use of science-based technologies such as
microscopes” (see microcosm, Schneeweifl and Gropengiefler, 2022,
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TABLE 4 Coding scheme for analyzing micro—macro relationships in model construction processes.

Micro/Macro relationship Explanation

Micro/Macro

Score

Participants refer to causes or mechanisms either on macro-level or on micro-level only 1
Example RK: Anger—causes— reddened face
Example CF: Need for reproduction— sex change

Micro+Macro
elaborating on their connection

Example RK: Pigments — reddened face
Example CF: Chromosomes — sex change

Participants refer to causes or mechanisms on macro-level and micro-level, without 2

Micro=Macro

face

Example CF: Absence of female fish lack of pheromone changes — hormonal system of the
male fish —leads to — sex change

Participants link causes and mechanisms on macro- and micro-level 3
Example RK: A stress situation —leads to — secretion of stress hormones—body reaction of
— increasing blood pressure—higher blood flow in the head—results in — the reddened

p. 145), which are parts on the cell level and below (Hmelo-
Silver et al., 2017; Schneeweif$ and Gropengiefler, 2022). Parts on
the tissue level and above (e.g., organisms and populations) were
considered as macro-level entities (see mesocosm and macrocosm,
Schneeweifs and Gropengiefier, 2022). Emotions such as anger or
shame were scored as macro-level causes for the RFP, since they are
reactions of a person (organism) to a specific situation.

Referring to RQ3, the relationship between abductive reasoning
patterns and complexity, as along with the relationship between
the abductive reasoning steps and complexity, was examined.
Specifically, the relationship between complexity in model
construction and abductive reasoning patterns was analyzed by
comparing how many participants achieved high scores in CMP
(scores of 3 and 4) and micro-macro (score of 3) for the
RFP (selective abduction) and the CFP (creative abduction).
To investigate possible relationships between the complexity of
generated models and abductive reasoning steps, we analyzed
whether frequent engagement in abductive reasoning steps
correlated with CMP and micro-macro scores. Therefore, the
frequency of abductive reasoning steps that each participant
engaged in was counted. Subsequently, Spearman’s correlation
coefficients (Field, 2013) between the frequency of engagement in
abductive steps and complexity scores (CMP score and micro-
macro score) were calculated.

4. Results

4.1. RQ1: abductive reasoning steps in
biological model construction

In this study, we applied Johnson and Kremss (2001)
framework to operationalize cognitive processes in abductive
reasoning with six steps that were analyzed by a coding scheme.
Analysis showed that all six steps were present in the modeling
processes of our 18 participants (Table 5). According to our coding,
abductive reasoning steps occurred approximately 9 times (M =
9.33, SD = 6.12) in the model construction processes of each
participant. However, only the comprehend step was found in the
transcripts of all participants. Although the refine and check steps
were coded frequently, in most of the transcripts, the collect data
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and discriminate steps were coded rarely. The step resolve anomaly
was coded once and independently by the two coders at the same
position in the relevant transcript.

4.2. RQ2: comparison of creative and
selective abduction

We applied the CFP to operationalize the pattern of creative
abduction and the RFP to operationalize the pattern of selective
abduction. While the frequencies of refine, check, and discriminate
were similar between the modeling processes for the CFP and the
RFP (Table 5), we found five differences between the phenomena.

1. Presence of collect data. The collect data step was found
in the modeling processes of the RFP, but not the CFP.
The code appeared when participants explicated strategies for
how to examine the phenomenon generally, without explicit
assumptions, and mostly (in all but one case) before participants
explicated a model for explaining the phenomenon.

“First of all, of course, I would examine the room, yes
observe the room, I'll write ‘observe the room’. Then I would
look if I found things or objects that explain the problem or the
red face.” (Think-aloud transcript of RFP06, passage related
to the code collect data, at the beginning of the transcript).

. Initiation of the modeling process. While all CFP participants
started their model construction with comprehend, this was
only the case for four participants modeling the RFP. Three
participants modeling the RFP explicated strategies referring
to collect data first and two participants started immediately
with the generation of models for the RFP. On average,
CFP participants needed a longer period of time before they
generated their first primary model to explain the phenomenon
than RFP participants (Figure 2). As an extreme example,
participant CFP09 only represented the information given by the
instruction in the diagram and thus did not generate any model
for the CFP. The participant finished the task by claiming not to
be able to produce a better solution due to a lack of knowledge
of clownfish.
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TABLE 5 Frequency of coded abductive reasoning steps and number of participants who referred to them when modeling the CFP or RFP.

Frequency of codes

Number of participants

RFP Total
Collect data 0 7 7 0 4 4
Comprehend 29 24 53 9 9 18
Refine 25 21 46 9 7 15
Check 37 18 55 8 8 16
Discriminate 3 3 6 3 2 5
Resolve anomaly 1 0 1 1 0 1
Test* 6 12 18 2 6 8

*According to our conceptualization, the “test” step represents the transition from abductive reasoning in model construction to deductive reasoning in model application.

3. Proposal of alternative models. For both phenomena, most
participants generated at least two alternative models for their
phenomenon (8 out of 9 for the RFP; 6 out of 9 for the
CFP). However, while CFP participants worked longer on
one generated model by checking its plausibility and refining
it, participants modeling the RFP often continued in their
modeling process by proposing alternative models to explain
the RFP immediately. This was observed 13 times in the
modeling processes of five RFP participants, as illustrated by
the following quote, where three models to explain the RFP are
generated immediately:

“Exercise is a possible explanation for the reddened face.
done

I write  down ‘Person may  have
exercise’.
[...] 1 may  have
Or the person could also deal with high blood

(Think-aloud transcript of RFP03, underlined passages are

The person could also have a fever
fever’.
pressure.”

write  down  ‘Person

first primary models to explain the RFP).

. Plausibility check of generated models. A plausibility check of
generated models was found more often for the CFP (n = 37)
than for the RFP (n = 18). Within the passages that were coded
as check, participants modeling the CFP reported uncertainty
about their models, as illustrated by this quote:

‘T am uncertain if I have taken the right path, so I am
going through it again. The phenomenon is: [...] The female
dies, the strongest male turns back into a female, and the same
clownfish population is created. [...] I assume it could be death,
which is related to the absence of certain hormones that are
no longer released. Whether it has to do with fish perception,
I am unsure, but it does somehow result in a change in
gene expression.” (Think-aloud transcript of CFP06, passage
related to the code check).

Furthermore, the uncertainty of CFP participants was
frequently linked to vague explanations in combination
with the explication of lacking specific prior knowledge
about clownfish:

“The female changes something in the environment
[...]. So, it is not about other living beings. I do not
‘ know anything about clownfish. [The female clownfish]
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‘ can send any information somehow into the water”
(Think-aloud transcript of CFP02, passage related to the
code check).

Plausibility checks in RFP modeling processes were less
frequent (n = 18), and seldom linked to uncertainty and
vague formulations. In contrast, participants referred to prior
experiences from their everyday lives to justify the plausibility
of their generated models:

“Nervosity makes sense. My best friend, for example,
always blushed extremely when she had to present
something in front of the class” (Think-aloud transcript
of RFP01, passage related to the code check).

5. Although the focus of our study was on examining abductive

reasoning in modeling, the fifth examined difference relates
not only to abductive reasoning in model construction but
moreover to the transition from abductive reasoning in model
construction to deductive reasoning in model application. In our
study, the transition to model application was operationalized
by Johnson and Krems’s (2001) test step, when strategies on how
to investigate generated explanations were developed. Test was
coded 18 times for eight of the 18 participants. It was considered
twice as often for the RFP (n = 12, from six participants) as for
the CFP (n = 6, from two participants).

“If I want to examine whether doing exercise is the
cause, I could measure heart rate.” (Think-aloud transcript
‘ of RFP05, passage related to the code test. RFP05 also
included testing strategies in the generated process diagram,
see Figure 1B).

4.3. RQ3: relationship between abductive
reasoning and modeling of phenomena as
complex systems

We operationalized the extent to which participants

modeled the phenomena as complex systems by examining

CMP and micro-macro relations, as proposed by Hmelo-Silver

et al. (2017). Participants achieved an average CMP score

10
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FIGURE 2

Time until first model construction (sec)

Amount of time that every participant needed to generate an initial explanatory model for the phenomenon*. *Participant CFP09 did not produce a
model to explain the phenomenon. Participants RFPO9 and CFPO1 were excluded from the analysis (see Section Data processing)

800 1200

of 2.72 (SD
2.20 (SD = 0.97).
We found a significantly strong correlation between the

1.23) and an average micro-macro score of

frequency of abductive reasoning steps and CMP score (r = 0.52,
p < 0.05; Cohen, 1988, Figure 3). On the level of concrete steps,
significant correlations were found between the CMP score and
the frequency of refine (r = 0.48, p < 0.05) and check (r
0.51, p < 0.05). However, no correlation was found between the

frequency of abductive reasoning steps and the micro-macro score

(Figure 2).

both CMP and micro-macro

addressed  higher
than

CFP participants

Referring  to scores,
their

RFP  participants

CFP  participants complexity in
model  construction  processes
(Table 6). While most of the

the  highest scores for CMP
relations (5 of 9) 6

out of 9), this was only the case for two of the nine

achieved
complexity  regarding

out and micro-macro relations
CFP participants.

It is also notable that six of the eight participants who
transitioned from model construction to model application by
developing strategies to test their explanations showed a low CMP
score (all six received a CMP score of 1) and a low micro-macro
score (five participants received a micro-macro score of 1 and one
participant received a micro-macro score of 2). Thus, only two
participants developed strategies to test generated explanations and
received high complexity scores for model construction (a CMP
score of 3 or 4 and a micro-macro score of 3). Both participants
modeled the CFP.
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5. Discussion

5.1. RQ1: abductive reasoning steps in
biological model construction

Johnson and Krems (2001) stated that abductive reasoning
processes do not always include all proposed steps. Congruently
with this, we observed some steps more frequently than others.
The steps collect data, discriminate, and resolve anomaly were only
found rarely in the modeling processes of this study’s participants.
However, this does not necessarily indicate that these steps are
not important in biological model construction, since their rare
presence is probably explained by the limitations of this study’s
modeling task format. For instance, to be able to collect data, it is
important to observe the phenomenon (Greve and Wentura, 1997;
Constantinou, 1999). This was hardly possible in the modeling task
of our study. Participants could only use information about the
phenomenon that was given to them in the instruction to explicate
ideas on how they might collect data.

Hence, comprehend, refine, and check were frequently found
in the modeling processes in our study, and this indicates the
important role of these steps in model construction for biological
phenomena. We assume that the steps collect data, discriminate,
and resolve anomaly, which we rarely found in our data, are also
involved in model construction for biological phenomena. For
instance, studies with more interactive modeling tasks have shown
that collecting data is an important part of modeling for inquiry
(e.g., Constantinou, 1999; Meister et al., 2021).
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FIGURE 3

Distribution of participants' CMP scores (left) and micro-macro scores (right) in relation to the frequency of abductive reasoning steps that occurred
in their modeling processes.

5.2. RQ2: comparison of creative and
selective abduction

The pattern of abduction that is applied in model construction
depends on the extent to which modelers already know about
possible explanations for a phenomenon (Schurz, 2008). For
operationalization of creative abduction, we applied the CFP
as a modeling context in which participants did not know of
explanations. For operationalization of selective abduction, we
applied the RFP as a modeling context in which participants knew
of explanations, e.g., from their everyday lives and individual
experiences with the phenomenon. The findings that CFP
participants explicated lacking knowledge and RFP participants
referred to concrete examples from everyday life during their model
construction support this methodological operationalization.
Moreover, we identified five differences between the modeling
processes of the CFP and the RFP, which is consistent with previous
research suggesting that engagement in the modeling process is
context-dependent (Svoboda and Passmore, 2013; Bennett et al,
2020; Schwarz et al., 2022).

The first difference examined relates to participants’ wishes and
ideas to collect data, only found in RFP modeling processes. This
may be interpreted as a wish to obtain evidence to be able to select
between possible alternatives in selective abduction. However, the
format of the task did not allow the participants to collect new
data about the phenomena, which might have inhibited them
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TABLE 6 Distribution of participants’ complexity scores for model
construction for CFP and RFP.

CFP (n) RFP (n)

CMP score

4]:C->M->P; 5 2
3C->M->P 1 1
2|:C->P 1 6
1C->P 1 0
0P 1 0

Micro—Macro score

3M< - >M 4 2
2 M+M 3 1
1MorM 2 6

from discriminating between generated explanations based on data.
Thus, this limitation of the modeling task might also explain
the infrequent occurrence of discriminate, especially in modeling
processes for the RFP, in which most participants generated
concurring models.

The second difference examined was about the initiation of
model construction: while all RFP participants generated their
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first explanatory model relatively quickly—two participants started
generating models right away—all CFP participants began with an
attempt to comprehend the phenomenon at first and needed more
time to construct a (primary) explanatory model. The observation
that learners spend a great deal of time comprehending what is
going on when they construct models for phenomena that they
do not know much about is also reported by other scholars (e.g.,
Bierema et al, 2017; Schwarz et al, 2022). Participant CFP09
only engaged in the comprehend step and did not generate a
plausible model. This example illustrates how a lack of knowledge
about a phenomenon and the inability to create analogies inhibit
model construction in such a way that no plausible explanation
for a phenomenon can be generated (Gohner and Krell, 20205
Gohner et al., 2022). We interpret the differences in initial model
construction (i.e., longer time spent comprehending the CFP
compared to the quick generation of explanatory models for the
RFP) as indicators of higher difficulty in constructing explanatory
models for the CFP than for the RFP. This is also supported
by the third and fourth differences examined (RFP participants
generated alternative models more quickly than CFP participants,
and CFP participants checked their generated models for internal
consistency more often than RFP participants did).

The fifth difference was that RFP participants engaged more
frequently in the fest step than CFP participants. Thus, RFP
participants transitioned more often from generating explanations
in model construction to testing explanatory model applications.
This result might indicate that developing strategies to test
generated models is easier when modelers can rely on explanations
from their prior knowledge. This connects to studies in the field of
experimental competencies stating that prior contextual knowledge
influences students’ ability to plan experiments for scientific inquiry
(Schwichow and Nehring, 2018). To illustrate this argument with
examples from this study’s modeling contexts, it seems easier to
develop testing strategies to determine whether a person’s reddened
face is caused by exposure to the sun or alcohol abuse than to
develop strategies for testing whether the sex change of a male
clownfish is caused by the absence of female pheromones. This
supports argumentation from Schwarz et al. (2022), who argue that
“the more a person or group ‘knows” about the phenomena |[...],
the more they can do within that modeling context.” (p. 1,091).
Another explanation for the fact that CFP participants engaged less
frequently in the test step can be derived from the result that they
needed more time to generate their models. Although there was
no time limit for the interviews, constructing plausible models for
the CFP was time-consuming (Figure 3) and thus might have been
mentally exhausting. As a result, participants may have eventually
become cognitively fatigued and lost further motivation to derive
strategies to test their generated models.

5.3. RQ3: relationship between abductive
reasoning and modeling of phenomena as
complex systems

Model construction is about generating a plausible explanation

for a phenomenon (e.g., Upmeier zu Belzen et al., 2021; Adtriz-
Bravo and Gonzdlez Galli, 2022). Phenomena are explained
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as complex systems if their explanations include causes and
mechanisms on different organizational levels (Schneeweif3
and Gropengiefler, 2019, 2022; Penzlin et al, 2022). In this
study, we analyzed the complexity of model construction
processes determining the extent to which participants explain a
phenomenon as a complex system during model construction.
Therefore, we applied the CMP approach of Hmelo-Silver et al.
(2017) to evaluate the extent to which participants linked causes
and mechanisms to explain a phenomenon (CMP score) and the
extent to which they linked micro and macro levels of biological
organization (micro—macro score).

Aduriz-Bravo and Gonzalez Galli (2022) assumed that the
complexity of initial generated explanations will be low as
a result of individuals staying close to intuitive formulations
and will probably increase during the process of abductive
reasoning in model construction. The significant correlation
between frequencies of abductive reasoning steps with CMP scores
supports this assumption, by indicating that extensive abductive
reasoning in model construction is related to the connection of
causes and mechanisms to explain the phenomenon in model
construction. However, no correlations were found between the
frequency of abductive reasoning steps and the micro-macro
score. This implies that extensive abductive reasoning does not
necessarily lead to the connection of macro and micro levels,
which indicates that abductive reasoning alone is not enough
to explain phenomena as complex systems in biological model
construction. We assume that an interplay between abductive
reasoning and systems thinking skills, such as cross-level reasoning
(Tamir et al, 2023), is necessary for explaining biological
phenomena as complex systems in model construction. This idea
has also been proposed in the field of earth science education
by Oh (2019, 2022). On the other hand, with respect to the
large number of different organizational levels that can be
addressed when generating biological explanations (Schneeweif3
and Gropengief3er, 2019, 2022), the distinction between micro-
and macro-levels as suggested by the CMP approach (Hmelo-Silver
et al, 2017) could fall short to examine a possible relationship
with abductive reasoning steps. Consequently, it might be powerful
to consider a more fine-grained analysis of the organizational
levels addressed, and how they are connected in the interplay of
cause, mechanism, and phenomenon, as was done in the study by
Penzlin et al. (2022).

In addition to connecting causes and mechanisms on different
organizational levels, the systems thinking literature suggests that
further skills need to be applied to explain phenomena as a complex
system. Among others, these skills also include developing complex
mechanisms such as feedback loops or considering the system’s
change over time (Ben Zvi Assaraf and Knippels, 2022; Tamir
et al.,, 2023). Future studies are needed to examine how cognitive
processes of abductive reasoning, which we operationalized as the
steps of abduction (Johnson and Krems, 2001), are related to
further systems thinking skills.

CFP participants addressed higher complexity in their model
construction processes than RFP participants according to both
CMP and micro-macro scores. This indicates that participants
modeling the CFP tended to explain their phenomenon as
a complex system, combining causes and mechanisms across
micro- and macro-levels of biological organization. In contrast,
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participants modeling the RFP mostly referred to simple cause-
and-effect relationships in their model construction processes. We
explain this by the strong everyday life relevance of the RFP. In
everyday life situations, explanatory models usually do not refer to
multiple causes and mechanisms on different organizational levels
but to simple cause-effect relations. It is likely that the pre-service
biology teachers engaged in their master’s studies who participated
in our study would be capable of explaining the RFP as a complex
system. However, most of the RFP participants constructed simple
models and transitioned to developing strategies to test them in
model applications. Gohner et al. (2022) found that if modelers
constructed complex models, this would not automatically lead
them to engage in model application. Moreover, to transition
from model construction to model application, modelers need
to perceive their generated models as plausible. For our results,
this might indicate that less complex models for the RFP were
plausible and therefore suited to enabling the participants to move
on by developing strategies to test their generated models. Since
only two participants (both of whom modeled the CFP) engaged
in model application and received high complexity scores, our
results might suggest that addressing high complexity in model
construction could stunt the transition to model application.
Explaining phenomena as complex systems in model construction
and developing strategies to test these complex explanations in
model application are difficult tasks that require the highest level
of systems thinking skills (Ben Zvi Assaraf and Knippels, 2022;
Tamir et al., 2023) and modeling competencies (Upmeier zu Belzen
et al., 2021). Thus, it is not surprising that only two of the 18
participants explained their phenomenon as a complex system
in model construction and developed strategies to test generated
explanations in model application.

6. Conclusion and outlook

An important role of abductive reasoning in modeling for
inquiry in biology has been justified by historical analysis of
modeling processes leading to important ideas, such as Darwin’s
theory of evolution (Aduriz-Bravo and Gonzédlez Galli, 2022),
theoretical argumentations (Upmeier zu Belzen et al, 2021),
and case studies (Clement, 2008; Svoboda and Passmore, 2013).
With this study, we add to prior findings by applying concrete
theoretical concepts to operationalize abductive reasoning in
the form of the steps (Johnson and Krems, 2001) and the
patterns of abduction (Schurz, 2008), and by examining their
role in modeling of biological phenomena as complex systems.
Our results provide evidence that the abductive reasoning steps
comprehend (understanding the phenomenon), check (evaluating
the plausibility of an explanation), and refine (specifying an
explanation) are involved in model construction for biological
phenomena. However, participants’ frequent engagement with
these steps alone did not indicate that they were explaining
phenomena as complex systems. As also suggested in the field of
earth science education (Oh, 2022), we assume that an interplay
between abductive reasoning and systems thinking skills, such as
cross-level reasoning (Tamir et al., 2023), is needed to explain
biological phenomena as complex systems in model construction.
Testing this assumption in future studies will require a fine-grained
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examination of abductively generated explanations, as in the study
by Penzlin et al. (2022).

The creative pattern of abduction, as operationalized by the
CFP modeling context, was associated with frequent consistency
checks and high complexity in model construction. However,
there were rare transitions from generating explanations in model
construction to testing them in model application. This may suggest
that modeling contexts in which learners need to creatively generate
a novel explanation for a phenomenon do not encourage them to
test the generated explanations. Nevertheless, these contexts may
be suited to fostering learners’ construction of complex explanatory
models. On the other hand, the selective pattern of abduction,
as operationalized by the RFP modeling context, was connected
to rapid generation of multiple simple models and to frequent
transitions from model construction to model application. This
might indicate that modeling contexts in which learners already
have explanations for a phenomenon may not foster learners’
construction of complex models. However, such contexts could be
suitable to foster learners’ transition from generating explanations
in model construction to testing them in model application.

The findings of this study are limited by the openness of the
format of the modeling task and its small sample of 18 pre-service
science teachers during their master’s studies. The stated differences
between creative and selective abduction operationalized by the
CFP and RFP in this study need to be supported with further
evidence by larger studies on pre-service teachers modeling
processes and studies that operationalize patterns of creative and
selective abductive reasoning with other biological phenomena. To
further investigate the other findings of this study (for instance,
to examine the extent to which complexity in model construction
stunts transition to model application), studies with focused
modeling tasks that guide participants more during their modeling
processes are needed.
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