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Research in the field of students’ understandings of models and their use in science describes
different frameworks concerning these understandings. Currently, there is no conjoint framework
that combines these structures and so far, no investigation has focused on whether it reflects students’
understandings sufficiently (empirical evaluation). Therefore, the purpose of this article is to present
the results of an empirical evaluation of a conjoint theoretical framework. The theoretical framework
integrates relevant research findings and comprises five aspects which are subdivided into three
levels each: nature of models, multiple models, purpose of models, testing, and changing models. The
study was conducted with a sample of 1,177 seventh to tenth graders (aged 11-19 years) using open-
ended items. The data were analysed by identifying students’ understandings of models (nature of
models and multiple models) and their use in science (purpose of models, testing, and changing models),
and comparing as well as assigning them to the content of the theoretical framework. A comprehensive
category system of students’ understandings was thus developed. Regarding the empirical
evaluation, the students’ understandings of the nature and the purpose of models were sufficiently
described by the theoretical framework. Concerning the understandings of multiple, testing, and
changing models, additional initial understandings (only one modelpossible, notesting of models, and no
change of models) need to be considered. This conjoint and now empirically tested framework for
students’ understandings can provide a common basis for future science education research.
Furthermore, evidence-based indications can be provided for teachers and their instructional
practice.
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Introduction

Models and the process of modelling are considered key elements for the work of
scientists but also for citizens’ participation in social discourses and in decision-
making processes in their everyday life (Odenbaugh, 2005; Oh & Oh, 2011). To
understand and evaluate the work of scientists as well as their way of conceptualising
phenomena and to participate in scientific discourses, it is necessary to learn and
know about models and their use in science (Grosslight, Unger, Jay, & Smith,
1991). Thus, science educational standards place a considerable emphasis on
models and their use in science and require students to be knowledgeable in these
aspects (American Association for the Advancement of Science, 1993; National
Research Council, 2000; Stindige Konferenz der Kultusminister der Lander in der
Bundesrepublik Deutschland [KMK], 2005).

Based on the relevance of models as well as of the process of modelling and its
reflection, research has focused on investigating students’ (Grosslight et al., 1991;
Schwarz et al., 2009; Schwarz & White, 2005; Treagust, Chittleborough, &
Mamiala, 2002; Trier & Upmeier zu Belzen, 2009), teachers’ (Crawford & Cullin,
2004, 2005; Justi & Gilbert, 2002, 2003; Van Driel & Verloop, 1999), and scientists’
(Grosslight et al., 1991; Van Der Valk, Van Driel, & De Vos, 2007) understandings of
models and their use in science. In addition to investigating learners’ understandings,
other scholars have drawn attention to students’ handling of models (Louca,
Zacharia, Michael, & Constantinou, 2011; Schwarz et al., 2009). As a result,
various frameworks were developed. Some of these frameworks are used for the analy-
sis of learners’ understandings of models, yet they describe and structure aspects of
models differently (Crawford & Cullin, 2005; Grosslight et al., 1991; Justi &
Gilbert, 2003; Treagust et al., 2002). Others provide analytical frameworks that
combine learners’ understandings and their handling of models (Schwarz et al.,
2009). The critical issue of all these different frameworks lies in the absence of an
overall empirical evaluation, i.e. whether these frameworks describe learners’ under-
standings sufficiently (cf. Schwarz et al., 2009, p. 637).

Consequently, two research gaps can be identified and need to be addressed. First,
research needs to provide a framework for analysing learners’ understandings of
models and their use in science. This framework ought to focus solely on learners’
understandings, and bring together as well as integrate the different approaches to
learners’ understandings. Second, this developed framework needs to be empirically
tested with a large sample to evaluate if learners’ understandings are sufficiently
reflected by the framework (cf. Klieme et al., 2007). Such a conjoint and empirically
tested framework can be profoundly beneficial for science education research as well
as for science education. For science education research, it could be used as a basis for
future research studies. Studies that refer to the same framework allow for valid



comparisons between their results (cf. Hartig, 2008). In addition, this framework
creates a central precondition for addressing the demand raised by Louca and Zacharia
(2012) to investigate the relationships between learners’ understandings of models,
practical skills, and other components influencing students’ processes of modelling.
This demand could be realised by using frameworks for each component and by
assessing these components separately. Furthermore, teachers can gain infor- mation
about evidence-based indications for their instructional practices.

Regarding the first research gap, Upmeier zu Belzen and Kruger (2010) contribute
to this area of research by combining and integrating different empirical studies
(Crawford & Cullin, 2005; Grosslight et al., 1991; Justi & Gilbert, 2003) and by con-
sulting science-theoretical approaches (Giere, 2004; Mahr, 2009). This theory-based
combination of empirical studies results in a theoretical framework for students’
understandings of models and their use in science (Upmeier zu Belzen & Kruger,
2010). The purpose in this article is to target the second research gap and, therefore,
show the results of an overall empirical evaluation of the theoretical framework. This
issue is addressed by using open-ended items that are situated in different biological
model contexts and by assessing a large sample representing students of different ages.
The learners’ understandings are investigated in the domain of biology as the under-
standings of models and their use in science in general can be understood as cognitive
dispositions which are acquired by learning in a specific domain (cf. Klieme, Hartig,
& Rauch, 2008).

Theoretical Background
Different Frameworks for Learners’ Understandings of Models and their Use in Science

So far, all efforts concerning learners’ understandings of models and their use in
science have been focused on generating and describing different frameworks and
investigating learners’ understandings (Crawford & Cullin, 2005; Grosslight et al.,
1991; Justi & Gilbert, 2003; Louca et al., 2011; Schwarz et al., 2009). Grosslight
et al’s (1991) study is considered as fundamental to research on students’ under-
standings of models and their use in science. They elicited five aspects (kinds of
models, multiple models for the same thing, purpose of models, designing and creating models,
and changing a model) and described three general levels of models and their use in
science from the analysis of their interview study with high school students. Students
at level 1 understand models as simple copies of reality with the purpose of matching
the real thing in colour, shape, dimension, or material. At level 2, they realise that
the construction of a model is linked to a specific purpose. Therefore, models are
not seen as exact duplicates of reality. Students at level 3 are aware that the original
(target, phenomenon, or object) is explained through examination and/ or
manipulation of the model. Here, the model is used as a method to test ideas and
to draw conclusions on the original. Based on this characterisation, Grosslight et al.
(1991) stated that the majority (67 %) of students were at level 1, followed by level
2 (12%). None of the students achieved level 3. Similar results have been



obtained in other studies showing that students reflect little on their thinking in models
and that they are not aware of the role models play in epistemological pro- cesses
(Schwarz & White, 2005; Trier & Upmeier zu Belzen, 2009).

Drawing on Grosslight et al.’s (1991) three general levels, Justi and Gilbert (2003)
investigated the response patterns regarding models of 39 science teachers. However,
they could not provide any support for these general levels. Moreover, they generated
seven aspects (nature, use, entities, uniqueness, time, predictions, and accreditation) from the
analysis of interviews. Contrary to Grosslight et al.’s (1991) structure, they subdi- vided
the aspect of kinds of models into nature and entities and the aspect of purpose of models
into use, predictions, and accreditation. Furthermore, Justi and Gilbert (2003) explicitly
described the teacher understanding of only one model being possible for a
phenomenon within the aspect of uniqueness (p. 1375) in their study. With regard to
students’ understandings of models, empirical evidence is needed to find out whether
students endorse this kind of understanding as well.

A different framework is provided by Crawford and Cullin (2005) which they deduced
from a review of relevant literature. They distinguished between five aspects (multiple models
for the same thing, purpose of models, designing and creating models, validating/testing
models, and changing a model) and described three to four levels (limited, pre-scientific,
emerging scientific, and scientific) for each aspect. In contrast to Grosslight et al.’s (1991)
aspect of kinds of models and Justi and Gilbert’s (2003) aspects of nature and entities,
they did not specify an aspect whereby the relationship between the model and the original
is characterised. Besides, without an overall empirical evaluation with a large sample
regarding structure and content, Crawford and Cullin (2005) used their framework as an
analytical basis for tracking the understandings of models and modelling of eight teachers.

Other than the frameworks described above which refer to learners’ understandings
of models and their use in science, Louca et al. (2011) as well as Schwarz et al. (2009)
rather focus on the handling of models and students’ practical skills. For instance,
Schwarz et al. (2009) developed a learning progression that integrated practical skills
(called elements of the practice), learners’ understandings of models (called meta-
modelling knowledge), and communication aspects. These are further divided into four
levels of performance. Schwarz et al. (2009) stated that an ‘overall validation of the
progression’ (p. 637) is still missing. However, in their recent publication (Schwarz,
Reiser, Acher, Kenyon, & Fortus, 2012) they suggest refinements of their learning
progression after applying it in classroom since it was not possible to clearly assign stu-
dents to one of the levels. Findings of this study (Schwarz et al., 2012) support an
approach to define and assess these different components (understanding, practical
skills, and social components of models and modelling) separately. It is thus possible
to address the issue claimed by Louca and Zacharia (2012) to investigate and analyse
the relationships between the understanding, practical skills, and other components
influencing the process of modelling.

In summary, the described approaches show different frameworks for learners’
understandings of models and their use in science (for a detailed discussion see
Krell, Upmeier zu Belzen, & Kruger, 2013; Upmeier zu Belzen & Kriiger, 2010),



while no conjoint framework has been developed to integrate the relevant results of
these approaches. Furthermore, empirical evidence is needed to evaluate whether
the learners’ understandings of models and their use in science are sufficiently
described. This article meets this demand by portraying a theoretical framework for
students’ understandings of models and their use in science and by evaluating this
framework with a large sample and students of different ages.

Theoretical Framework for Learners’ Understandings of Models and their Use in Science

The described frameworks (Crawford & Cullin, 2005; Grosslight et al., 1991; Justi &
Gilbert, 2003) and science-theoretical approaches (Giere, 2004; Mahr, 2009) are
integrated into a theoretical framework (Upmeier zu Belzen & Kruger, 2010). This
theoretical framework can be used as an analytical framework for assessing and inves-
tigating learners’ understandings of models and their use in science. Unlike the
approach pursued by Schwarz et al. (2009), this framework solely emphasises the cog-
nitive component of models (cf. Klieme et al., 2008; Weinert, 2001). Such a focused
approach is strongly in line with a concept of competence underlying international
large-scale assessments (e.g., Programme for International Student Assessment). The
concept of competencies relates to Klieme and Leutner’s (2006) definition of
competencies ‘as context-specific cognitive dispositions that are acquired by learning
and needed to successfully cope with certain situations or tasks in specific domains’
(Klieme et al., 2008, p. 9). In this regard, the cognitive component is a basis for suc-
cessfully solving demanding problems in various situations (cf. Fleischer, Koeppen,
Kenk, Klieme, & Leutner, 2013; Klieme et al., 2008; Weinert, 2001). Notably, the
authors support the idea that the understanding of models, the handling of models
(Louca et al., 2011; Schwarz et al., 2009), as well as social components (Oh & Oh,
2011; Schwarz et al., 2009) are intertwined and thus cannot exist in isolation. Never-
theless, for the purpose of investigating the relationships between these components, a
separate definition, framework, and assessment is highly beneficial.

In general, the theoretical framework refers to all models collectively without focus-
ing on specific types of models (Boulter & Buckley, 2000). An essential basis for the
theoretical framework is an understanding of models from a medial perspective as an
illustration of something, for instance, an idea of the original (target, phenomenon)
and from a methodical perspective as an instrument for something, i.e. for testing
ideas and drawing conclusions on the original (Gilbert, 1991; Mahr, 2009; Oh &
Oh, 2011).

Deduction of the Levels of the Theoretical Framework

Grosslight et al. (1991) generated three general levels of models and their use that are
closely tied to a person’s epistemological views on science ranging from a naive-realis-
tic view to constructivist understandings of the epistemology of science (Hofer &
Pintrich, 1997). Justi and Gilbert’s (2003) study, however, provided no support for
Grosslight et al.’s (1991) levels but supported the idea of defining three levels



for each aspect. In addition, Crawford and Cullin (2005) described at least three levels
for each aspect. As a result, Upmeier zu Belzen and Kruger (2010) defined three levels for
each aspect (cf. Deduction of the aspects of the theoretical framework) of the theoretical
framework. These three levels reflect the epistemological viewpoint of models as products
as well as methods of science (Gilbert, 1991; Mahr, 2009): On a basic level I, only the
representational model is being considered without focusing on the original (called
model object, Mahr, 2009). Perceiving the model as a medium of something and focusing
on the creation process describes level II (called model of something, Mahr, 2009). Both
perspectives are complemented by a methodological view of models (level III) in their
application comprehending their use in science to test and draw conclusions on the
original (called model for something, Mahr, 2009). Recently, studies investigating the
three levels of this theoretical framework using mul- tiple choice and forced-choice items
provide empirical evidence that these levels reflect an increasing degree of difficulty
(Krell, 2012; Terzer, 2013).

Deduction of the Aspects of the Theoretical Framework

The theoretical framework comprises five aspects: nature of models, multiple models,
purpose of models, testing models, and changing models. Whereas the aspects of nature of
models and multiple models describe individual ontological and epistemological con- cepts
of models, the aspects of purpose of models, testing models, and changing models refer to
cognitive processes while reflecting the act of their use in science (Grosslight et al.,
1991; Justi & Gilbert, 2002, 2006).

The aspect of nature of models integrates the aspects of entities and nature (Justi &
Gilbert, 2003) as well as the aspect of kinds of models (Grosslight et al., 1991),
whereby different views on the nature of science are considered (Hofer & Pintrich,
1997). Here, students compare the model with the original and comment on the
extent to which the model is comparable with the original. Three positions are differ-
entiated (Table 1): A model is understood as a replication (level I), as an idealised rep-
resentation (level II), or as a theoretical reconstruction (level III). Similar aspects were
described by Schwarz et al. (2009) as part of metamodelling knowledge and by Oh and Oh
(2011) in their review referring to the meanings of a model.

The aspect of multiple models refers to one and the same original being represented
by different models (Crawford & Cullin, 2005; Grosslight et al., 1991; Justi & Gilbert,
2003). This aspect was deduced from the aspect of multiple models for the same thing
(Crawford & Cullin, 2005; Grosslight et al., 1991) and the aspect of uniqueness
(Justi & Gilbert,2003). Withthe exception ofthe category ofonlyonemodelbeingposs- ible
for a phenomenon (Justi & Gilbert, 2003, p. 1375) all described categories were
considered. The reason for this exception derived from the fact that studies investi-
gating students’ understandings had (so far) provided no clear evidence for this cat-
egory (Grosslight et al., 1991; Trier & Upmeier zu Belzen, 2009). Regarding the
three levels, various explanations can be given for these different models (Table 1):
Students justify the existence of several models representing one original by describing
differences between the shown model objects such as different materials or



Table 1. The theoretical framework for students’ understandings of models and their use in
science (Upmeier zu Belzen & Kruger, 2010)

Complexity
Aspect Level I Level I Level III
Nature of Replication of the Idealised representation Theoretical reconstruction of the
models original of the original original
Multiple Differences The original allows the Different hypotheses about the
models between different creation of different original
model objects models
Purpose of  Describing the Explaining investigated Predicting connections between
models original relationships variables
Testing Testing the model Comparing the model Testing hypotheses about the
models object itself with the original original with the model
Changing Correcting errors in  Revising the model due to Revising the model due to
models the model object new findings about the falsification of hypotheses about
original the original with the model

dimensions (level 1), by arguing that the original allows for building different models
in order to present all features of the original (structure and function, level II), or by
noticing different hypotheses (level III). A corresponding aspect called multiplicity of
scientific models was also noted by Oh and Oh (2011).

In the process of modelling, purpose of models, as well as testing, and changing models need
to be reflected upon (Justi & Gilbert, 2002, 2006). Therefore, the process of designing and
creating a model is an essential part of all three aspects which is why the aspect of
designing and creating models (Crawford & Cullin, 2005; Grosslight et al., 1991) is not
distinctly definable. Therefore, this aspect is integrated into the aspects of purpose of models,
testing, and changing models. For the aspect of purpose of models, Grosslight et al.’s (1991)
and Crawford and Cullin’s (2005) aspect of purpose of models as well as the aspects of
use and prediction described by Justi and Gilbert (2003) were combined. Three diverse
purposes are differentiated: models can serve to show facts of the original (level I), to
describe and explain a known relationship in the original (level II), and as an instrument to
predict the behaviour of the original (level III, Table 1). Oh and Oh (2011) generated
the aspect of purpose of modelling and Schwarz et al. (2009) generated the aspect of using
models to explain and to predict what can be assigned to the purpose of models.

The aspect of testing models describes and structures the process of testing models.
Here, the category of testing within the aspect of purpose of models described by Gross-
light et al. (1991), the aspect of accreditation by Justi and Gilbert (2003), and the
aspect of validating/testing by Crawford and Cullin (2005) were conjoined. At level I,
the model object itself is tested. At level 11, the model is compared with the original and
at level I1I, hypotheses about the original are tested with the model (Table 1).



Changes to the model can be made on the basis of test results. Therefore, models
are changeable and temporary by definition (Grosslight et al., 1991; Mahr, 2009; Oh
& Oh, 2011). Reasons for changing models are errors in the model object itself (level 1),
new information about the original (level II), or the falsification of a hypothesis about
the original with the model (level 111, Table 1). The aspect of changing models is derived
from the aspects of changing models (Crawford & Cullin, 2005; Grosslight et al., 1991)
and time (Justi & Gilbert, 2003). With regard to other studies, the aspects of testing and
changing models have also been elicited by other scholars (Oh & Oh, 2011; Schwarz et
al., 2009).

Objective, Research Questions, and Hypotheses

Since the theoretical framework (Upmeier zu Belzen & Kriiger, 2010) is a theory-
based combination of empirical studies, this study meets the demand of empirically
evaluating the structure of this framework. Pursuant to this objective, we aimed to
address the following main research question.

To what extent are students’ understandings of models and their use in science suf-
ficiently and adequately described by the theoretical framework?

—  Which understandings of models and their use in science can be identified
and described for each aspect and level of the theoretical framework?

—  Which understandings of models and their use in science can be identified
in addition to the theoretical framework?

— How frequent are the described understandings of models and their use in
science regarding the examined sample?

Since the theoretical framework (Upmeier zu Belzen & Kruger, 2010) brings
together empirical studies of Crawford and Cullin (2005), Grosslight et al. (1991),
and of Justi and Gilbert (2003), identified categories relating to different understand-
ings of models and their use in science were expected to be sufficiently and adequately
described by the theoretical framework. In addition, it was likely that categories at
level I and II were more frequently used than categories at level III because inter-
national and national studies (Grosslight et al., 1991; Trier & Upmeier zu Belzen,
2009) indicated that students’ understandings of models and their use in science
differed from a scientific understanding.

Research Design and Method
Instruments

For this study, 15 open-ended test items (three items for each aspect of the
theoretical framework) were used to elicit students’ understandings of models and
their use in science. These 15 open-ended test items result from an item
evaluation process involving researchers of biology education and a total of 1,231
German students (seventh to tenth grade students, 12—18 years old) in two
preceding



studies (Griinkorn & Kriiger, 2012; Griinkorn, Upmeier zu Belzen, & Kriiger,
2011). Considering the objective of the research study described here (the empirical
evaluation of the theoretical framework) test items are required that can be
interpreted as indicators for students’ understanding of models and their use in
science (cf. unified framework for validity, Kane, 2001). To this end, the open-
ended items were tested in these two preceding studies for understandability of
the items and whether the students’ answers represent at least the three levels of
the theoretical framework and could be assigned to a certain aspect. Focus was
less placed on a selection of certain concrete problem contexts or specific model
types (Boulter & Buckley, 2000), but rather on meeting the aforementioned
requirements.

The open-ended item format was chosen since the answers can be formulated by
the respondents themselves and are not determined by written response options

Table 2. Standardised stimuli for each aspect of the theoretical framework which have been used in
the open-ended test items

Aspect Standardised stimuli Concrete context used in the items
Nature of Describe the extent to which this model of the — Theoretical reconstruction of a
models [original] looks like the [original] biomembrane structure

Give reasons for your opinion — Theoretical reconstruction of a

Tyrannosaurus rex
— Theoretical reconstruction of a
Neanderthal man

Multiple Explain why there are multiple models for one — Differentbiomembrane
models [original] structures
Give reasons for your opinion — Different human gullet
structures

— Different taste maps of the
human tongue

Purpose of Describe what purpose this model of the — Forest (different plants in a pot
models [original] serves of soil)
— Ocean (different forms of life in
a water bowl)
— Gut (pig gut filled with fluid
lying in a bowl)

Testing Explain in detail how people can test if the — Orientation skills of a beetle
models model of the [original] serves its purpose — Flying skills of a seed
— Flying skills of a dragonfly

Changing Name reasons why this model of the [original] — Flying skills of a dragonfly
models could be changed — Orientation skills of a crab
— Food digestion process in the
human mouth

Note: Corresponding to the context the term [original] is substituted (cf. Figure 1).



(Rost, 2004). Compared to interviews, which had been conducted by Trier and
Upmeier zu Belzen (2009) to analyse students’ conceptions of models based on this
theoretical framework onadeeper level, open-ended items allow for identifying differ-
ent understandings of models as well but they relate to a larger sample size. Thus, an
overall empirical evaluation of the theoretical framework is possible.

The theoretical framework served as a basis for the item development to the extent
that the items were designed for each aspect and that they combined both understand-
ings of models and their use in science: illustration of something in which the model is
seen as a medium and the application for something in which the model is used as a
method (Gilbert, 1991; Mahr, 2009). The works of Grosslight et al. (1991) as well
as an interview study conducted by Trier and Upmeier zu Belzen (2009) served as
primary sources for the development of the initial stimuli. In this presented study,
the items are situated in different concrete problem contexts (Table 2) since the
concept of competence is defined as context-specific for a domain (cf. Klieme
et al., 2008). Furthermore, the validity of the context-independent approach by
Grosslight et al. (1991) has been discussed in the field of models and their use in
science (Krell, Upmeier zu Belzen, Kriiger, 2012; Sins, Savelsbergh, van Joolingen,

Neanderthal man lived about 130,000 years ago. Scientists found a skull of a =
Neanderthal man in Diisseldorf. From this skull and from comparison with modern
humans a model of this Neanderthal man was designed:

Neanderthal
man who lived
about fossilised Information
130,000 years i about the
ago aescontext and
a picture of

Scull of a Neanderthal the model —|tem stem

man

Comparison
with modern Model of a Neanderthal
man
humans
Describe the extent to which this model of a Neanderthal man looks like a .
Neanderthal man who lived about 130,000 years ago. .. Standardised
i stimulus
Give reasons for your opinion! : ]
Space for
S student
answer

—

Figure 1. The structure of the open-ended test items exemplified by an item for the aspect of nature
of models. The shown item is situated in the context of a theoretical reconstruction of a
Neanderthal man (# Pictures: Museum fiir Naturkunde, Berlin)

10



& van Hout-Wolters, 2009). Here, the term context relates to situations that are rel-
evant for models in the domain biology (cf. Klieme et al., 2008).

Regarding the structure of the items as exemplified in Figure 1, each item consists
of an item stem and the response format—in this case, a blank space for a student’s
answer (Rost, 2004). The item stem gives essential information about the context,
shows pictures of one or several (concerning the aspect of multiple models) model(s)
and ends with a standardised stimulus (Table 2). The stimulus for each aspect only
differs according to the context in which the item is situated. Regarding the model
type, mostly real objects, technical models (e.g. a flying dragonfly-model), or theoretical
reconstructions (e.g. Neanderthal man model; Grinkorn et al., 2011) are used.

Sample and Testing Procedure

The study was conducted with a total of 1,177 seventh to tenth grade students (11-19
years old; 48 different school classes) in Germany (Gymnasium', Table 3). The
sample of different ages and grades was chosen to identify a wide range of different
students’ understandings of models and their use in science. Only thus, it is possible
to evaluate whether the theoretical framework reflects learners’ understandings suffi-
ciently. Beyond grade 10, no upper grades were selected for the study because the
educational standards in Germany refer to students at the end of grade 10 (KMK,
2005). No further selection criteria were used.

Since one student could not answer all 15 test items and to control order effects, a
balanced incomplete block design was developed (Giesbrecht & Gumpertz, 2004).
Consequently, the item pool was distributed across 35 test booklets providing each
student with three open-ended items and the researchers with about 235 student
answers per item (a total of 3,531 student answers). In addition, each booklet
included auxiliary variables (such as age, sex, and grade). This block design is
appropriate for identifying learners’ understandings of models and their use in science
on an aggregate level rather than on an individual level. The objectivity of
application is ensured by written instructions in a test manual containing
information about the aim of the research project, the item format, standardised
answers to frequently asked questions, and the testing procedure.

Table 3. Demographic data about the sample of the study

Sex distribution Age
Grade n 9 g n. i. Min. Max. M SD n. i.
7 313 160 150 3 11 14 12.7 0.57 5
8 293 143 149 1 12 16 13.83 0.62 4
9 283 166 113 4 13 17 14.67 0.62 2
10 288 157 130 1 14 19 15.95 0.69 1

n. i. = no information.

11



Development and Evaluation of the Category System

The data were analysed by qualitative content analysis according to Mayring
(2010), assisted by the qualitative data analysis software MAXQDA (Version
10). This software is commonly used in many academic fields such as sociology,
psychology, and educational science and it permits easy scoring, structuring, and
restructuring of large amounts of text. Furthermore, it allows for coding a given
text passage in any number of ways, highlighting interesting text segments,
making notes for reference and ideas directly in the text, and exporting all
coding in an excel file. Only the above described functions of the software were
used in this study.

As a first step of the qualitative content analysis according to Mayring (2010), the
students’ answers were manually digitised and colloquial expressions were
smoothed while the style of the answers was left unaltered. The changes made
within a student answer such as the integration of additional words were marked
with square brackets to maintain the integrity of students’ responses (cf. Table 4,
student Qb417). For the purpose of providing evidence in this article, prominent
student answers were translated from German into English by a professional
translator (J. P.) and checked by two German researchers who regarded them as
accurately translated.

As a second step, similar students’ answers given to the respective aspect of the theor-
etical framework were grouped in categories (called inductive approach, Mayring,
2010). For instance, student Qb64 responds to the standardised stimulus question
why there are different models for one biomembrane concerning multiple models
with ‘Models B and C vary in their solidity. Model B is stiffer while Model C is
very flexible’. This student compared the model objects and argued with different
characteristics or material properties of the shown models. Another student replied to
this question by saying ‘Model A is not 3D and models B and C are 3D’ (student
Qb44). In this case, the student also compared the model objects with each other but
argued with different methods of presentation. Those and similar answers were
summarised in the category different model object properties (cf. Table 5). Answers
that showed content-related incorrectness and/or inadequate planning of experiments
were equally analysed and not excluded because the study focused on students’
understanding of models and their use in science. The whole category system had
already been developed in preceding studies and was revised, discussed, checked,
and refined ahead of the study presented in this article.

As a third step, the identified categories were compared with the content and
definition of the respective aspect of the theoretical framework (cf. Table 1,
Upmeier zu Belzen & Kruger, 2010). This was done to evaluate whether the
students’ understandings (categories) of models and their use in science are
sufficiently and adequately described by the theoretical framework. If the
framework covered the student’s understanding, the category was assigned—
otherwise it was added to the structure of the framework (called deductive
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approach, Mayring, 2010). With regard to the given example of the aspect of multiple
models, the category different model object properties (Table 5) focuses only on
differences between the model objects and refers to models as a medium (Table
1). Therefore, the described category could be assigned to level I within the aspect
of multiple models. The assignments and additions of the categories to the
theoretical framework were discussed several times until a consensus was reached
with eight researchers of biology education who are experts on the theoretical
framework.

As a fourth step, the assignments of students’ answers to the categories were also
evaluated. For this purpose, three additional trained raters who were familiar with
the category system were consulted. To ensure objectivity of the analysis and
interpretation, the raters used a coding manual containing information about the
items, coding rules for the respective aspect, as well as a detailed description of
the category system with prominent student answers from preceding studies.
Fifty per cent of the students’ answers were double coded and discrepancies in
coding were resolved by discussion. Cohen’s kappa (k) was used to measure the
level of agreement between raters (Fleiss & Cohen, 1973). An agreement
between the raters was achieved if all raters assigned the identical text passage
within a student answer to the corresponding category. The assignment of an
identical text passage to a different category or an additional assignment of text
pas- sages to categories by only one rater were noted as discrepancies in coding.
The interrater reliability for the assignment of the students’ answers to the
categories ranged from k =.81-.90 which is characterised as excellent according
to Fleiss and Cohen (1973).

Descriptive Analysis

The percentage of each category was calculated based on the number of students who
dealt with the respective aspect and the number of coding for each category. The fre-
quencies are presented in Tables 4—10. The sum of frequencies of all categories within
each aspect may exceed 100% (cf. Table 8) because the open-ended items allowed for
multiple responses in all three levels of the respective aspect. That means one student
could present different understandings (categories) in his/her response. As some stu-
dents did not respond to the open-ended items or their answer did not correspond to
the stimulus, the sum of frequencies of all categories within each aspect may not reach
100% (cf. Table 4).

Furthermore, distributions of students across the three levels of each aspect of the
theoretical framework are presented to clarify the discussion. For this purpose, all
achieved and served levels of a student within each aspect were noted. A level that
was mentioned several times by one student was counted only once. The
calculation of the percentage of each level was based on the number of students
who dealt with the respective aspect and the number of students who showed this
level in their response.
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Analysis of Student Answers

The descriptive analysis only showed minimal differences between the grades seven to
ten, therefore, the different grades were not further considered. Based on 3,531
student answers, 41 categories could be identified in this study describing different
students’ understandings of models and their use in science.

Categories of Models and their Use in Science and their Frequencies within the Levels of Each Aspect

Twenty-nine out of 41 identified categories in students’ responses could be assigned to
the respective aspects and the three levels of the theoretical framework. Tables 4—8
summarise the range of categories described for each aspect and their frequencies
in the database. The last column of Tables 4—8 presents student answers for
each category to provide evidence for each identified category and to substantiate
our claims.

Table 4: For the aspect of nature of models, students compared the model with the
original and commented on the extent to which the model was comparable with the
original. Regarding the frequency distribution across the three levels, the majority
of students (69 %) could be assigned to level 1. They characterised the model as a
copy (e.g. student Qb366, Table 4), as a model with great similarity to the original
(e.g. student Qd1073, Table 4), or as a model representing their own (non-) subjective
conception of the original (e.g. student Qd915, Table 4). In this context, some
students showed a high level of confidence in scientists and scientific work (e.g.
student Qa485, Table 4). Furthermore, prior knowledge or personal experience
with the original might play an essential role when judging a model. For instance,
student Qa317 responded:

Yes, the model looks like a real dinosaur because the dinosaurs back then had also teeth, a
head, and a tail like the model shows. I know that because I went to a museum where they
had dinosaurs and they look the same.

About 17 % of the students (level II) mentioned that only certain features
resembled the original of the model (e.g. student Qa97, Table 4), or understood
the model as a possible variant among many (e.g. student Qb417, Table 4), or as a
focused representation of something (e.g. student Qb6, Table 4). Only 4 % of the stu-
dents answered at level III by referring to models as theoretical reconstructions or
ideas (e.g. student Qb24, Table 4).

Table 5: The aspect of multiple models related to the question why one original is rep-
resented by different models. Approximately half of the students (44 %) compared the
model objects describing different model object properties such as different methods
of presentation (e.g. student Qc62, Table 5), model features (e.g. student Qb64, Table
5), and construction options (e.g. student Qb311, Table 5). An explicit reference to
the original was not made at level I. Almost one-third of the students (31%, level
II) focused on the complexity of the original, and mentioned the necessity of having
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Table 4. Described categories, their frequencies (%), and student answers within the three levels of

the aspect of nature of models

Name and description of category

Evidence from student answers

0/ *
Yo (nsludents

(student ID no.) =692)
Levell
Model as copy ‘The Tyrannosaurus rex looked like the 27
— Matches the original model’ (student Qb366)
— Enlarged/reduced scale copy of ‘The model of a biomembrane is an
original enlarged copy of a biomembrane’
— Accepted as scale model of the (student Qb502)
original, because there is great ‘The Neanderthal man looked as it does
confidence in science, in the scientific in the model, because many biologists
method, or in the scientists have certainly worked on this model.
These people know what they are talking
about, so he looked this way’ (student
Qa485)
Model with great similarity ‘The model of the biomembrane is very 36
— Resembles the original similar to the real biomembrane. Both
— Nearly scale model of the original due have a surface layer that holds it all
to dissatisfaction with the modelling together and both have tissue in the
process centre’ (student Qd1073)
‘The model resembles the Neanderthal
man. Only the place on the model where
the eyebrows are has to be pushed
forward a little, because that’s how itis in
the skeletal findings. That has to happen;
otherwise, the model would be incorrect’
(student Qd567)
Model represents a (non-) subjective ‘I don’t think the model is correct. The 6
conception of the original real Neanderthal man looked more like
— Compares and judges the model based an ape. That’s how I imagine one’
on prior knowledge of, personal (student Qd915)
experience of, or subjective
conceptions about the original
Level 11
Parts of the model are a copy ‘The skeletal findings and the model have 9
— Only certain features resemble the the same head shape. It is unknown
original; other features cannot be whether the hair back then was the way it
judged due to paucity of information  is now. Nothing can be stated with
or knowledge about the original certainty about the eyes, either. On the
whole, one can only comment on the
shape. Colour and such remains
“unknown”’ (student Qa97)
(Continued)
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Table 4. Continued

Name and description of category

. *
Evidence from student answers %" (Ngtudents

(student ID no.) =692)
Model as a possible variant ‘The model is comparable in terms of its 7
— Might resemble the original (or not);  shape. Nonetheless, one cannot assume
abstract statements about similar that the Neanderthal man really looked
properties like this’ (student Qal64)
— One conceivable version among many, ‘Yes, it [the biomembrane] might look
but less well founded like that, but it might also look like this
[picture drawn by student]’ (student
Qb417)
Model as focused representation ‘The model only shows the essential 0.3
— Focused on one element of the parts of a real biomembrane. The main
original, highlights certain traits/ traits, structures and colours are shown
properties here’ (student Qb6)
Level I1I
Model as hypothetical representation ‘No one can know for certain what a 4

— Presents a justified hypothesis about
the original, possible similarity
between original and model is
discussed

living Tyrannosaurusrexlooked like back
then. Scientists can only make
assumptions about how it looked. They
analyse the skeleton and use that to

calculate how its body might have been
constructed’ (student Qb24)

“Each frequency is based on all noted students’ understandings and is calculated with reference to
the number of students who dealt with this aspect.

different models in order to show every aspect of the original as exemplified by student
Qb50: “ ... Model A shows the structure of the biomembrane precisely and Model C
shows itroughly. Model B shows the idealised function’. Here, an explicit reference to
the original was made. For students it was rather rare (8 %, level I1I) to justify different
models of one and the same original with various assumptions or ideas about the orig-
inal (e.g. student Qb5, Table 5). The scientific purposes of these different hypotheses
about the original such as starting points for discussions, comparison of different
assumptions, and testing assumptions with the models were named by only a few stu-
dents (e.g. student Qd353, Table 5).

Table 6: In response to the purpose of models, a good proportion of the students gave
answers at level I (52%) and II (50%). At level I, the purpose of models was seen
as showing facts without using the model to recognise a certain relationship between
different aspects in the original (e.g. student Qa403, Table 6). The latter was charac-
teristic for level Il in which the model served to identify (e.g. student Qa217, Table 6)
or explain relationships (e.g. student Qb175, Table 6) in order to understand known
facts. With regard to level 111, 24% of the students stated that models were instru-
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ments to examine ideas by testing hypotheses about the original. Here, the facet of
gaining new information and learning something new about a specific phenomenon
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Table 5. Described categories, their frequencies (%), and student answers within the three levels of

the aspect of multiple models

Name and description of category

Evidence from student answers

0/ *
70 (nstudents

(student ID no.) =705)

Levell
Different model object properties ‘The tongue can be shown a little 44
— Differing methods of presentation (2D or  differently. No colours are used in

3D, different colours, etc.) Model C, for example, whereas they
— Differing model features (moveable or are in Models A and B’ (student Qc62)

immoveable, soft or hard, large or small, ‘Models B and C vary in their solidity.

etc.) Model B is stiffer while Model C is
— Differing construction options (thin or very flexible’ (student Qb64)

thick materials, separated elements or ‘The different elements are easy to

one piece, etc.) recognise in Model A. The rods on

Model C are thinner than in B’
(student Qb311)

Level II
Focus on different aspects ‘Since each of these models highlights 31
— The complexity of the original allows something different, there are different

diverse perspectives or ways of focusing  models. Model A focuses on the

on the original (interior or exterior, different elements and the structure,

profile or cross-section, structure or while Model B and C look more at the

function, diverse sections or states of the construction of a biomembrane’

original, etc.) (student Qd744)
Level I1I
Different assumptions ‘Since there are various theories/ideas 8

— There can be various assumptions and
ideas about the original; different models
are valid at the same time

— Differing interpretations of the data

Different assumptions with prospects of

application

— Differing assumptions about the original
are named after scientific purposes (basis
of discussion, comparison of different
assumptions, testing assumptions with
the models, etc.)

about the human oesophagus, there
will also be alternative models.
Scientists might have other opinions’
(student Qb5)

‘The persons have drawn different
conclusions from their observations,
which is why there are different models
of this biomembrane’ (student Qd468)

‘Probably because there are many
people who have researched this and so
different ideas developed which still
have to be examined in studies’
(student Qd353)

*Each frequency is based on all noted students’ understandings and is calculated with reference to
the number of students who dealt with this aspect.
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Table 6. Described categories, their frequencies (%), and student answers within the three levels of

the aspect of purpose of models

Name and description of category

Evidence from student answers

0/ *
70 (nstudents

(student ID no.) =706)
Levell
Model for showing the facts ‘The model shows the different plants 52
— Presenting the that grow in a forest’ (student Qa403)
facts
Level II
Model to identify relationships ‘The model shows that it is possible to 45
— Describingrelationships between observe how the leaves and blossoms
different aspects in the original and develop and spread’ (student Qa217)
serving to understand known facts
Model to explain relationships ‘It is meant to demonstrate that the sea is 6
— Describing and explaining a good habitat for animals e.g. fish and
relationships between different aspects  plants. It also shows and explains how
in the original and serving to the sea constitutes a “circulatory chain”.
understand known facts The plants could not survive without the
oxygen and the water; the fish could not
live without the plants’ (student Qb175)
Level 111
Model to examine abstract ideas ‘Perhaps so that certain tests can be 19
— Serving as an instrument to test viewed and carried out so that the effects
hypotheses about the original; general  of certain differences such as
ideas are mentioned temperature can be studied’ (student
Qd1168)
Model to examine concrete ideas ‘One could also test which plants grow 5

— Both testing hypotheses about the
original and serving to draw
conclusions about the original;
concrete ideas are mentioned

— Serving to transfer findings about the
original to other phenomena

best and most quickly in which types of
soil and compare these results. It might
be that a certain plant draws so many
nutrients out of the soil that there are less
available for another. If the model were
to prove this, we would know that these
types of plant should not be planted too
closely together’ (student Qd263)

‘Such a model is probably there to test
whether plants can “multiply”. This
information helps to say something
about the forest and to capture this
situation in figures or charts. Then we
could relate this to other ecosystems, like
the sea and such’ (student Qb291)

*Each frequency is based on all noted students’ understandings and is calculated with reference to
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the number of students who dealt with this aspect.
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Table 7. Described categories, their frequencies (%), and student answers within the three levels of

the aspect of testing models

Name and description of category

Evidence from student answers

0/ *
70 (nstudents

(student ID no.) =711)
Levell
Testing of material ‘One should test if the material of the 6
— Testing the resistance of the material model is strong enough to remain
(flexibility, stability, elasticity, weight, unharmed by something such as wind’
etc.) (student Qd793)
Testing of basic requirements ‘For starters, the model should be able to 28
— Naming fundamental requirements fly in any case. Otherwise, I don’t think
for that model the model would be very good’ (student
Qa4)
Level I
Comparison between original and model ‘The model has to be compared to a real 33
— Comparing the properties (structure beetle’ (student Qc69)
and/or function) of the original with
those of the model
Comparison and matching of original and ‘The model can be tested for its 34
model dimensions, its weight. The structure of
— Both comparing properties and the model must match the original or it
describing the necessary adjustments  isn’t suitable’ (student Qb206)
for congruity between the model and
the original; naming criteria for a
good model
Level I1I
Testing hypotheses ‘This model could simulate the flight of 6
— Testing hypotheses about the original such a seed. Such simulations would
using the model and listing general show where the seed flies to and how it
ideas for studies gets implanted into the soil. The model
could also be used to test the effects the
impact has on the soil, on the flight, and
on the seed’ (student Qb278)
Testing ofhypotheses withresearch designs ‘One has to try to obtain videos of the 2

— Describing a concrete application for
the model (research design) to test a
hypothesis about the original

original flight manoeuvres and attempt to
recreate and compare these with the
model in a wind tunnel to see if the model
behaves as the original. If so, one has to
change the environmental influences in
the wind tunnel to determine what the
dragonfly needs to fly’ (student Qb200)

*Each frequency is based on all noted students’ understandings and is calculated with reference to

21



the number of students who dealt with this aspect.
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Table 8. Described categories, their frequencies (%), and student answers within the three levels of

the aspect of changing models

Name and description of category

Evidence from student answers

0/ *
Yo (nstudents

(student ID no.) =712)
Levell
Alterations to improve the model object ‘The only reason why most models are 22
— Optimising the functioning/aesthetics of changed is because their movement and
the model object functionality can be improved’ (student
— Optimising the technology of model Qa378)
creation ‘To change the model of the dragonfly,
a new technology is needed that allows
the model to stay up without needing to
attach a booster for uplift on the long
back legs’ (student Qb521)
Alterations when there are errors in the model ‘I think it’s because errors are always 5
object being found which need to be corrected’
— Fundamental considerations for fixing  (student Qd629)
errors in the model ‘Perhaps the wings have to be made out
— Referencing concrete, incorrect of harder materials; otherwise they
properties of the model (e.g. defective  cannot resist the pressure during flight’
materials) (student Qb508)
Alterations when basic requirements are not met ‘If the model is meant to fly and it 9
— Reviewing the basic requirements of doesn’t, then the scientists have to work
each model and correcting defects if on it’ (student Qb496)
necessary
Level II
Alterations when model does not match the
original ‘The model doesn’t look exactly like a 61
— Optimising how the (structure and/or  crab. The legs of a real crab are longer.
function of the) model matches the The body of a crab is somewhat
original with consideration of the narrower. This is not the shape of a
necessary congruity between the crab. That should definitely be
original and the model changed, because it has to match the
Alterations due to new findings about the real crab” (student Qd1010)
original ‘In a few years, we will have better 4
— Integrating new findings about the technology, so we can learn more about
original into the model; improved the dragonfly. The model could be
technology leads to new findings about changed when something new about the
the original dragonfly is discovered’ (student
Qd1199)
Alterations due to changes in the original ‘There are always changes in biology 5

— Reflectingchanges (e.g. individual
developments) or advancements (e.g.
evolutionary adaptation) in the original
as new information in the model

and in history. The same is true of the
crab. Evolution changes the
environment and animals have to adapt
again. Changes to the environment
force animals to change as well. That’s
why the model can be changed’ (student
Qd1165)
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Table 8. Continued

Name and description of category Evidence from student answers %" (Dstudents
(student ID no.) =1712)

Level I1I
Alterations due to findings from model ‘If tests of a flying object show that the 1
experiments model flies completely differently than
— Adjusting the model to reflect findings  thought or than a real dragonfly does,

about the original based on a model then something could be changed on

experiment or falsification of the the gliding surfaces. The scientists may

hypothesis behind the model have had a different assumption’

(student Qd352)

*Each frequency is based on all noted students’ understandings and is calculated with reference to
the number of students who dealt with this aspect.

played a decisive role, as exemplified by student Qb291 (Table 6). At level III, stu-
dents noticeably more often expressed general ideas (category model to examine abstract
ideas, 19%, Table 6) than concrete ideas (category model to examine concrete ideas, 5 %,
Table 6).

Table 7: For the aspect of testing models, students explained how people could test
whether the model served its purpose. The most popular responses (level II, 68 %) to
this question were to test a model by comparing the original to the model (e.g. student
Qc69, Table 7) or by comparing properties and describing necessary adjustments for
congruity between the original and the model (e.g. student Qb206, Table 7). Consid-
ering the frequencies within the different levels, level II (68 %) was followed by level I
(30%). At level I, students tested mainly the material of the model object for robust-
ness (e.g. student Qd793, Table 7) or tested if the model objects fulfilled basic
requirements (e.g. student Qa4, Table 7). A few students’ responses assigned to level III
(8 %) concerned testing hypotheses about the original by describing general (e.g. student
Qb278, Table 7) or concrete (e.g. student Qb200, Table 7) ideas for studies with the aim
of gaining purposeful new insights into biological topics. Similar to the aspect of purpose
of models (Table 7), students mentioned general ideas (category testing hypotheses, 6
%, Table 7) more often than concrete ideas (category testinghypotheseswithresearch
designs,2%, Table7).

Table 8: The aspect of changing models pursued the question of what conditions
could lead to changing a model. Similar to testing models, most students (68 %) described
understandings that could be assigned to level II of the theoretical frame- work paying
attention to the original: a majority of students (61 %, category alteration when model
does not match the original, Table 8) at level Il argued that a model is changed when it
does not match the original in terms of structure and/or function
(e.g. student Qd1010, Table 8). Only a few students named reasons such as alteration
due to new findings about the original (4%, e.g. student Qd1199, Table 8) or altera-
tion due to changes in the original (5%, e.g. student Qd1165, Table 8). Approxi-
mately one-third of the students (31%, level I) referred to alterations that improve
(e.g. student Qa378, Table 8) or fix the model object when defects were found in
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the model object itself (e.g. student Qb508, Table 8) or the basic requirements were
not met (e.g. student Qb496, Table 8). Students at this level did not mention the orig-
inal as a reason for a change; they rather focused on general technical issues in the
model object, as exemplified by student Qb521: ‘The model of the dragonfly is
changed when a new technology allows the model to stay up without needing to
attach a booster for uplift on the long back legs’. Rarely (1%) did the students
change a model due to findings from model experiments in which their hypothesis,
implicitly stated by students in their answers, was rejected (level 11, e.g. student
Qd352, Table 8).

Additional Categories of Models and their Use in Science to Each Aspect

For the aspect of nature of models, no additional categories could be identified within the
data. However, concerning the aspects of multiple models, purpose of models, testing models,
and changing models, additional categories could be generated (Tables 9 and 10).

Table 9: The aspect of multiple models and its three levels refer to the understanding
of one and the same original being represented by different models. Therefore, stu-
dents were confronted with three different models of one original in the open- ended
items. Special attention was paid in the development of the open-ended items to ensure
that distinct references to one original were made in the item stems and obviously
different models were shown (such as different foci, colours, material, and dimensions).
Still, 14 % of the students gave one of the following responses when asked about the
presence of multiple models (Table 9): (a) all models were the same
(e.g. student Qd240, Table 9), (b) various models representing different originals
were shown (e.g. student Qb331, Table 9), or (c) only one model was the final and
correct one (e.g. student Qd643, Table 9). Those students rejected the existence of
multiple models as representations of one original and conceived only one model as
representation of an original. By giving one of the listed responses (Table 9), they
stuck to their understanding. As the aspect of multiple models demands the acceptance
and understanding of multiple models referring to one original, all three facets can be
seen as an initial understanding of this aspect.

For the aspect of testing models, 1% of the students (e.g. student Qc71, Table 9)
thought it was unnecessary to test a model and expressed their perplexity about
why and how a model is tested. Students kept this understanding although the purpose
of the presented models could plausibly be used for testing. The concept of testing
models includes the acceptance and necessity for testing, which is why this kind of
response can be interpreted as an initial understanding and level of this aspect.

Similarly, an initial understanding and level could be identified for the aspect of
changing models reflecting the opinion that models should not be changed. Students
(10%) who showed this understanding responded by either rejecting changes of a
model (e.g. student Qd341, Table 9), or by changing the presented model to represent
another original (e.g. student Qd954, Table 9). Since the concept of this aspect
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Table 9. Initial understandings of the aspects of multiple models, testing models, and changing models
exemplified by student answers and their frequencies (%)

Name and description of category

Evidence from student answers

(student ID no.) %"

Multiple models (ngygenis = 705)

All models are the same

— All models are or show the same; no
description of differences between models

Various models of different originals
— Each model represents a different original

Only one final and correct model

— Only one of the various models is final and
correct; the others are incorrect

— Only one model is the final model; they are
not valid contemporaneously

Testing models (Ngygens = 711)

No testing of models
— Rejecting model testing in general or of this
model

Changing models (ngygents=712)

No reason for alterations
— Rejecting changes to a model

Alteration of how different originals are

represented

— Creating different models for different
originals; each original is represented by its
own model

‘All three models show basically the same. I 4
don’t know why there should be different
models at all. That makes no sense’ (student
Qd240)

‘One might also make three different 13
models to show the biomembranes of

different life forms, e.g. a human being, a

bird and a cow’ (student Qb331)

‘Perhaps there is only model which is the 1.4

best model. All the others are wrong. There
is just one correct model. How else should
this work?’ (student Qd643)

‘I think that two models are old models. At
that time, one did not have all information
like we have today. However, one model is
the final model which happens to be true.
I’ve seenitin my textbook’ (student Qd321)

‘Why should this beetle model even be 1
tested? I don’t think it’s necessary’ (student

Qc71)

‘I don’t think the model should be changed’ 3
(student Qd341)

‘Because not all dragonflies are alike and 7
models can be made for different
dragonflies’ (student Qd954)

*Each frequency is based on all noted students’ understandings and is calculated with reference to
the number of students who dealt with this aspect.

demands the acceptance of changing a model and that the creation of a model as well
as the process of changing a model are always linked to a specific purpose and a
specific original, these categories were not assigned to the three levels of the aspect

of changing models.
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Table 10: For the aspects of purpose of models and changing models, further categories
could be generated that were not considered as initial understandings of these aspects.
As the question regarding purpose of models was formulated in a rather open way
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Table 10. Further categories, their frequencies (%), and student answers for the aspect of purpose of
models presenting everyday understandings, and a category of the aspect of changing models

showing an alternative understanding

Name and description of category

Evidence from student answers

(student ID no.) %"

Purpose of models (ngydenis = 706)
Model as toy

— Serving for pleasure, interest, and/or
enjoyment

Model for decorative purposes

— Serving to beautify a room or building

— Contributing to the well-being of people
and other life forms

Model as replacement object
— Serving as prosthesis or replacement organ

Model as blueprint

— Serving as a small-scale blueprint for
presenting the future object

Model for advertising purposes
— Serving as advertisement to reach political,
social, and/or environmental goals

Changingmodels (ngygents =7 12)

Alterations of the model conditions

— Changes to the model to reflect changes in
how it is used or handled (movements of
the model, etc.)

‘There might be children who are interested 0.4

in it and will have fun with it, so this model
was developed’ (student Qd580)

‘It might be that the forest model can be put to 2
good purpose decorating the home’ (student
Qd1137)

‘Some people simply find it [the model]
relaxing when they aren’t on holiday or simply
want to daydream’ (student Qd1035)

‘Its purpose might be that it was developed as 1
a replacement organ. If someone has a
defective intestine, it could be replaced with
an artificially manufactured, fully functional
one’ (student Qd31)

‘This model is meant to be used like a map. 0.1

One could say that a hotel miniature is to be
placed on the model and then one could build
the real hotel exactly on the spot represented
in the model. It serves for orientation, so to
speak’ (student Qd144)

‘They want to use it to make the world aware 1
that forests need more water’ (student
Qd613)

‘The model of a mouth could change during 2
rotation’ (student Qd1208)

*Each frequency is based on all noted students’ understandings and is calculated with reference to
the number of students who dealt with this aspect.

(Table 2), the student responses touched a wide range of purposes. For example,
students thought of models as toys (e.g. student Qd580, Table 10), as something
for decorative purposes (e.g. students Qd1137 and Qd1035, Table 10), as replace-
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ment objects (e.g. student Qd31, Table 10), as blueprints (e.g. student Qd144, Table
10), or as something for advertising purposes (e.g. student Qd613, Table 10). With
regard to changing models, a few students had an alternative understanding of
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the term change by thinking that a change referred to the alteration of conditions
underlying the model (e.g. student Qd1208, Table 10).

Discussion and Conclusion

The purpose of this study was to empirically evaluate the theoretical framework.
Before contrasting the findings with the results of other scholars in this field, meth-
odological constraints need to be discussed: the preceding studies have already
shown that the 15 open-ended test items can be interpreted as indicators for the
understanding of models and their use in science (Griinkorn & Kriiger, 2012; Griin-
korn et al., 2011). Therefore, the items are suitable for evaluating the structure of the
theoretical framework concerning learners’ (grades 7—10; 11—19 years old) under-
standings of models and their use in science. Concerning the target group (grades
7—10) for whom these instruments are designed, the results only allow for reliable
statements concerning these particular learners.

For the presented study, a context-dependent approach was chosen since the val-
idity of a context-independent approach by Grosslight et al. (1991) as well as Treagust
et al. (2002) have been discussed and questioned in the field of models (Krell et al.,
2012; Sins et al., 2009). All items were situated in different concrete contexts
(Table 2). Thus, different results concerning the frequencies may be achieved when
choosing a context-independent approach or when choosing other contexts (Krell
etal., 2012). Since the focus of this study was rather to evaluate the theoretical frame-
work on an aggregate level than to diagnose students’ understandings of models and
their use in science on an individual level, this issue can be neglected (cf. Leutner,
Fleischer, Spoden, & Wirth, 2007).

Bearing in mind that the items are situated in biological contexts, findings cannot—
without further investigations—be generalised and therefore only hypothetically be
transferred to other science domains such as physics or chemistry. This precaution
is based on the fact that we define learners’ understandings as competencies. Compe-
tencies are acquired and applied in a specific domain (cf. Fleischer et al., 2013;
Klieme et al., 2008). Furthermore, in scientific subjects such as biology, chemistry,
and physics models are used in different ways. Whereas in biology structural, func-
tional, or dynamic models are often used, abstract and mathematical models predo-
minate in chemistry and physics (cf. Beerenwinkel & Parchmann, 2008; Mikelskis-
Seifert & Fischler, 2003).

Empirical Evaluation of the Theoretical Framework

With regard to the main research question whether the theoretical framework (Upmeier
zu Belzen & Kriiger, 2010) accurately reflects the different aspects and levels of lear-
ners’ understandings concerning models and their use in science, the hypothesis was
only partly confirmed: the students’ understandings of the aspect of nature of models
and purpose of models are sufficiently and adequately described by the theoretical frame-
work. However, the aspects of multiple models, testingmodels, and changing modelsneed to
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be discussed and, therefore, revised since initial understandings for these aspects were
identified. Table 11 summarises the findings of the study and provides a revised theor-
etical framework, that contributes to research in this field.

Table 11. Revised framework for students’ understandings of models and their use in science including levels of
complexity and their categories

Complexity
Aspect Initial level Level 1 Level I Level III
Nature of — Model as copy Parts of the model = Model as
models are a copy hypothetical
representation
Model with great Model as a possible
similarity variant
Model representsa ~ Model as focused
(non-) subjective representation
conception of the
original
Multiple All models are Different model Focus on different  Different
models the same object properties aspects assumptions
Various models Different
of different assumptions with
originals prospects of
Only one final application
and correct
model
Purpose of — Model for showing Model to identify Model to examine
models the facts relationships abstract ideas
Model to explain Model to examine
relationships concrete ideas
Testin No testing of Testing of material Comparison Testing hypotheses
g models between original
models and model
Testing of basic Comparison and Testing of
requirements matching of hypotheses with
original and model  research designs
Changing No reason for Alterations to Alterations when Alterations due to
models alteration improve the model model does not findings from
object match the original =~ model experiments

Alteration of how
different
originals are
represented

Alterations when
there are errors in
the model object

Alterations when
basic requirements
are not met

Alterations due to
new findings about
the original

Alterations due to
changes in the
original
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The initial understanding of the aspect of multiple models could be described by the
conception only one model of an original. Grosslight et al. (1991) indicated that some
students did not believe that it was possible to have multiple models representing
one original. Justi and Gilbert (2003), however, explicitly described the conception
uniqueness (p. 1375) in a study with teachers. The students’ responses concerning
the uniqueness of models named in this article (categories: all models are the same and
only one final and correct model) were similar to findings reported by Justi and Gilbert
(2003). Students giving the latter explanation probably understood models as final
form devices and evaluated multiple models for correctness (Crawford & Cullin,
2004). Those students’ understandings differ from scientific understandings which °
... do not ask whether it [the model] is right or not’ (Crawford & Cullin, 2004, p.
1382). Contrary to Crawford and Cullin (2004), Grosslight et al. (1991), andJusti
and Gilbert (2003), the category of various models of different originals was eli- cited
among students’ responses and played an important role when explaining the
presence of multiple models representing one original. These results demonstrate
that this understanding is also prominent among students in different variations and
therefore needs to be considered.

Based on the analysis of the students’ responses, a new initial understanding could
beidentified for the aspect of testing models. Thus, a few students rejected the necessity of
testing a model and, therefore, showed no clear awareness of the work of scientists
which is predominated by the creation as well as the testing of models (Giere, 2004;
Odenbaugh, 2005; Oh & Oh, 2011). The studies by Crawford and Cullin (2004,
2005), Grosslight et al. (1991), and Justi and Gilbert (2003) did not give any indi-
cation as to this category. This newly described category is a result from this study
and it needs to be considered and focused on in future research.

Regarding the aspect of changing models, some students mentioned the understand-
ing of models being unchangeable (Table 9). This understanding has previously been
reported by other studies (Crawford & Cullin, 2004, 2005; Grosslight et al., 1991;
Justi & Gilbert, 2003; Treagust et al., 2002), and it confirms the idea that some stu-
dents think of models as final form devices (Crawford & Cullin, 2004). Besides clearly
rejecting changes to the model, several students explained that a model could be
changed in order to present another original. Similar to the category of various
models of different originals in the aspect of multiple models, students again referred to
different originals instead of focusing on one original. The category also emerges
from this study and has not been described by other studies (Grosslight et al., 1991;
Justi & Gilbert, 2003).

Based on these results, for the aspects of multiple models, testing, and changing models
a fourth level of students’ understandings of models and their use in science needs to
be added (Table 11). Therefore, the results rather support the approach by Crawford
and Cullin (2005) who defined three to four levels for each aspect than the approach
of Grosslight et al. (1991), of Justi & Gilbert (2003), or of Upmeier zu Belzen and
Kriiger (2010) who differentiate between three levels.

Besides describing initial understandings, newly described categories within the
three levels of the aspects of purpose of models and testing models could be identified
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(Table 11). Unlike the categorisation for the aspect of purpose of models shown in the
studies by Crawford and Cullin (2005), Grosslight et al. (1991), and Justi and Gilbert
(2003), the categories of models to examine abstract ideas (19 %) and models to examine
concrete ideas (5%) could be described and distinguished within the data (Table 6,
level III). Similar categories (Table 7, level 11I) were described in the aspect of testing
models in which hypotheses about the original are tested by either describing general
(6%) or concrete ideas (2%). This analysis allowed for the conclusion that students have
an abstract and/or concrete understanding and that it is probably more difficult and
complex to establish a concrete understanding than an abstract one. This argument
is supported by the fact that a qualitative study using thinking aloud protocols to elicit
students’ understandings (Terzer, 2013) showed that students did have an abstract
understanding of models but could not use it to solve the problem in concrete situations
with models. Therefore, future research needs to focus on these different
understandings.

In summary, the purpose of this study was to evaluate a theoretical framework that
brings together different approaches (Crawford & Cullin, 2005; Grosslight et al.,
1991; Justi & Gilbert, 2003) and is empirically evaluated with a large sample and stu-
dents of different ages. This overall empirical evaluation did not only provide evidence
for students having an initial understanding concerning the ‘uniqueness’ (Justi &
Gilbert, 2003) of models, but newly described categories were identified that need
to be considered in future research (Table 11). This conjoint and empirically tested
framework can now serve as a basis for future investigations concerning students’
understandings of models and their use in science.

Further Categories within the Data

The analysis of students’ responses to the aspect of changing models showed that a few
students had an alternative understanding of the term changing in this context. They
perceived a change as an alteration of the model condition (Table 10). This under-
standing does not agree with the understanding that is fundamental in the theoretical
framework (Upmeier zu Belzen & Kriiger, 2010). Although this category is not being
considered in the theoretical framework, there is a need to gain access to this under-
standing by asking students in a separate questionnaire to prevent misunderstandings.

Frequencies of the Generated Categories

We were also interested in how often the described understandings of models and their
use in science could be determined in the examined sample on an aggregate level.
Regarding the percentage distribution within each aspect of the theoretical framework
(Upmeier zu Belzen & Kriiger, 2010), students responded more frequently at level I
and II than at level III. These findings were as expected and corresponded largely to
results of other studies (Grosslight et al., 1991; Schwarz & White, 2005; Trier &
Upmeier zu Belzen, 2009). Differences in the percentage distribution were noted in
the aspects of multiple models and changing models.
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In contrast to the studies of Grosslight et al. (1991), in which students often explained
the presence of multiple models with different foci (level II), students in the presented
study rather focused on differences between the model objects in terms of colour, shape,
dimension, and material (Ievel I). Concerning changing models, a popular response did
not concern alterations due to new findings about the original (4 %) but alterations
when the model does not match the original (59%). The comparison between the
original and the model played an important role and showed that students were firmly
anchored in a medial perspective on their use in science (Oh & Oh, 2011). The
differences concerning the percentage distribution for the aspects of multiple models
and changing models might have been caused by the fact that this presented study
was conducted with a larger sample than the previous studies (Grosslight et al., 1991).
Another possible explanation might be that in the presented study, the items were
situated in different concrete problem contexts. Sins et al. (2009) noted and a study
using forced-choice items (Krell et al., 2012) showed empirically that the context-
dependent and the context-independent approaches lead to different results. However,
further investigations concerning the impact of different concrete problem contexts and
model types on students’ performances need to be conducted.

Students in this sample see models less as a method of science (Mahr, 2009; Oh &
Oh, 2011) and more from a medial perspective (Mahr, 2009; Oh & Oh, 2011). Possible
reasons might be a more frequent use of models as a substitute for the original or as a
medium for transmitting information in biology lessons (Crawford & Cullin, 2004;
Van Driel & Verloop, 1999). This and the role of teachers in ‘distinguishing the
positive and negative analogies as clearly as possible’ (Hardwicke, 1995, p. 64) might
lead to the fact that students primarily focus on the relationship between the model
and the original. Students draw comparison to achieve the best possible match without
considering the purpose of the model.

Final Implications

With regard to science education research the following contributions and impli-
cations can be derived from the results of this study: first, to assess and diagnose
the current state or development of students’ understandings of models and
their use in science, more sensitive instruments might be helpful. For this purpose,
the comprehensive category system can provide student-based under- standings
and could serve as a basis for the development of those instruments. Second, a
conjoint and empirically tested framework for students’ understandings of models
and their use in science is now available. This framework is applicable to future
research in this field, for instance, by having created a precondition to address
the demand raised by Louca and Zacharia (2012). In their paper, they requested
that research needs to focus on investigating the relationships between students’
understandings of models, their practical skills, and other components such as
the social facet that influence students’ processes of modelling. This research
gap can be addressed by developing frameworks for each component
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that allow for assessing these components separately and consequently for investi-
gating the relationships between them. In terms of providing an empirically tested
framework for assessing students’ understandings, this was accomplished by this
study. Regarding the other facets, conjoint and consensual frameworks need to
be developed. For this purpose, the works of Louca et al. (2011) as well as
Schwarz et al. (2009, 2012) already provide valuable information on students’
practical skills. Third, the conjoint and empirically tested framework and the com-
prehensive category system presented in this article can be used to assess and inves-
tigate the cognitive facet of models, i.e. students’ competencies of models and their
use in science. As the concept of competencies is defined as a basis for successfully
solving problems in various situations (cf. Klieme et al., 2008; Weinert, 2001), the
students’ achieved level gives valuable information to teachers and researchers
concerning the extent to which they are able to solve problems with models in
certain modelling situations.

Concerning science education, several studies already dealt with learning pro-
gressions for scientific modelling and showed that constructing models and reflecting
about models help to facilitate students’ understandings of models and modelling
(Baek, Schwarz, Chen, Hokayem, & Zhan, 2011; Schwarz et al., 2009). This
study contributes to the field by giving further implications regarding students’
understandings of models and their use in science: first, we suggest being aware
not only of the initial students’ understandings of models and their use in science
but also of the other understandings. Thus, the category system might be used in
teacher training to assist the teaching staff to keep abreast of their students’ different
understandings of models and their use in science (cf. Fleige, Seegers, Upmeier zu
Belzen, & Kriiger, 2012). Second, in this context, a reflective use of historical
models in school needs to be discussed as already demanded by Justi and Gilbert
(2002). The findings of this study suggest that epistemological processes in science
and the hypothetical character of models could lead to an elaborated under- standing
of models and their use in science (Justi & Gilbert, 2003) as exemplified by student
Qd468 “ ... Models could represent different ideas of scientist which changed over
time’. However, an unreflective use of historical as well as current models might
contribute to the understanding why the presence of multiple models representing
one original is rejected. According to student Qd321 (Table 9), the historical
processes lead to a final and correct model which does not change. Therefore, it
is important to carefully reflect current models and to consider and discuss the
conclusions students draw from historical processes. Third, as giving feedback is
an integral part of fostering students adequately, the category system might be
used by teachers as an instrument to provide students with detailed feedback.

Note

1. Gymnasium s a type of secondary school in Germany in which students finish school after grade
12 or 13 with A-levels (Abitur). The Abitur qualifies them for admission to university.
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