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Abstract To obtain a general understanding of science, model use as part of National
Education Standards is important for instruction. Model use can be characterized by three
aspects: (1) the characteristics of the model, (2) the integration of the model into instruction,
and (3) the use of models to foster scientific reasoning. However, there were no empirical
results describing the implementation of National Education Standards in science instruction
concerning the use of models. Therefore, the present study investigated the implementation
of different aspects of model use in German biology instruction. Two biology lessons on the
topic neurobiology in grade nine of 32 biology teachers were videotaped (N = 64 videos).
These lessons were analysed using an event-based coding manual according to three aspects of
model described above. Rasch analysis of the coded categories was conducted and showed
reliable measurement. In the first analysis, we identified 68 lessons where a total of 112
different models were used. The in-depth analysis showed that special aspects of an elaborate
model use according to several categories of scientific reasoning were rarely implemented in
biology instruction. A critical reflection of the used model (N = 25 models; 22.3%) and models
to demonstrate scientific reasoning (N = 26 models; 23.2%) were seldom observed. Our
findings suggest that pre-service biology teacher education and professional development
initiatives in Germany have to focus on both aspects.
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Since the publication of the results of the Third International Mathematics and Science Study
(TIMSS) 1995 (Baumert et al. 2000) and the Programme for International Student Assessment
(PISA) 2000 (Baumert et al. 2001), national education standards in science in several countries
have been introduced and have become increasingly important. Scientific reasoning has since
been included as one important aspect in these national education standards (e.g. Department
for Education and Skills and Qualification and Curriculum Authority [DfEaS&Q] 2004 in
England; Konferenz der Kultusminister der Länder in der Bundesrepublik Deutschland
[KMK1] 2005 in Germany; National Research Council [NRC] 1996 in USA). In this context,
models represent an important part of scientific reasoning (Kremer et al. 2012; Mayer 2007).
When referring to the model use in instruction, the National Education Standards for England
state that students should learn to ‘use scientific ideas and models to explain phenomena and
events’ (DfEaS&Q 2004 p. 72). In the USA, the framework for K–12 Science Education
states that students should be able to "make and use a model to test a design, or aspects of a
design, and to compare the effectiveness of different design solutions" (NRC 2012 p. 58;
NGSS Lead States 2013). Similarly, the German National Education Standards state that
students should use models to illustrate relations between structures and functions of objects,
to analyse interactions by using models and to evaluate the meaning of models (KMK 2005).

In science education, students’ scientific reasoning can be fostered in three different ways:
learning science, learning about science and learning how to do science (Hodson 1992). In this
regard, models can be used to understand and explain phenomena in nature and to transmit this
understanding (Henze and van Driel 2011; Justi and Gilbert 2002b). To get an understanding
of scientific reasoning, Justi and Gilbert (2002b) proposed that students should learn to
produce and revise models, to learn about major scientific/historical models and to learn about
the model used in science and science instruction.

In the following sections, we describe definitions and aspects of model use in science and
science instruction, their implementation in science instruction and their importance for
scientific reasoning.

Definition and Characteristics of Models in Science and Science Instruction

In the current research literature, there is no common definition of models (Van Driel
and Verloop 1999). Gilbert (1994) defined models as "simplified depictions of a
reality-as-observed, produced for specific purpose, to which the abstractions of theory
are then applied" (Gilbert 1994 p. 116). Giere (2004) pointed out that scientists use
"models to represent aspects of the world for specific purposes" (Giere 2004 p. 742).
On a more abstract level, models can be seen as "external representations of mental
concepts" (Krajicik and Merrit 2012 p. 38). Another definition is that a "model is a
simplified representation of a phenomenon, which concentrates attention on specific
aspects of it" (Ingham and Gilbert 1991 p. 193). Nevertheless, models can be
described in a simple way as "representations of objects, phenomena, processes, ideas
and/or their systems" (Gilbert and Boulter 2000 p. 7).

The processes of modelling are shown in the theoretical model of Steinbuch (1977), in
which the representational reality as real objects are illustrated first by mental models as
awareness of an individual person and subsequently by the physical reality in terms of

1 Acronym for Kultusministerkonferenz
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physical models. Mental models which illustrate only the essential characteristics of the
reality (Steinbuch 1977) can be understood as a person’s understanding about models
and modelling. When a mental model is implemented in the physical reality in terms of a
physical model, it includes essential as well as non-essential characteristics of the reality
(Steinbuch 1977; Upmeier zu Belzen 2013). Therefore, a model used in science and
science instruction can appear in different ways. In the broadest sense, models can be
categorized in physical and mental models or mental representations (Coll and Lajium
2011). Mental models are a specific type of mental representations which students
"generate during cognitive functioning, and which has the special characteristic that it
preserves the structure of the thing it is supposed to represent" (Vosniadou 1994 p. 48).
In contrast, physical models are "concrete physical models such as scale models used in
engineering design or architecture" (Coll and Lajium 2011 p. 5). Physical models can be
further divided into two-dimensional and three-dimensional physical models (Upmeier zu
Belzen 2013). Two dimensional models are visual models as diagrams, iconic represen-
tations or symbolic representations, whereas three-dimensional physical models are
structural or functional models. Therefore, Upmeier zu Belzen (2013) and Collin and
Ferguson (1993) subdivided models in three main categories according to their aspect of
illustration: structural, functional and dynamic models. Each type of model has its own
specific purpose (White et al. 2011). Structural models represent aspects of real objects
in a realistic way (Upmeier zu Belzen 2013) and emphasize certain aspects and their
relationship in the model (White et al. 2011). Functional models show processes and
causal relationships between different elements in the model (Upmeier zu Belzen 2013;
White et al. 2011). Dynamic models can be used to test different assumptions about the
reality by analysing different processes (White et al. 2011). To decide which model to
use in instruction, teachers need to evaluate different models regarding their fitting to the
learning goal. It includes a number of characteristics that are described in the literature
(Pluta et al. 2011; White et al. 2011). Accordingly, models are as accurate as possible
about the real object: they are general and include as many aspects of the real object as
possible, they are parsimonious for conceptual coherence and clarity and they are
coherent with other scientific evidence of other used models. One approach to use some
of these criteria in instruction is to analyse a model regarding its level of complexity and
abstraction. In educational research, the level of complexity describes content-related and
cognitive structures (Kauertz et al. 2010). Students’ cognitive activation increases with
the use of higher complexity (Fischer et al. 2007), which can be described by the number
and intensity of connections between content elements (Sweller 1994). Kremer et al.
(2012), therefore, proposed a model with five levels of complexity, which Wadouh et al.
(2014) evaluated for the subject biology. Wadouh et al. also reduced the scale of
complexity to three levels: fact, relation and concept. Besides different levels of com-
plexity, models should connect their theory to a phenomenon (Oh and Oh 2011).
Therefore, models can be divided into different levels of abstraction concerning their
similarity to the real object. They can be an image of the real object and show a high
degree of similarity, a focused representation or a theoretical reconstruction of the object,
depicting a slight degree of similarity (Grosslight et al. 1991; Grünkorn et al. 2014; Justi
and Gilbert 2003; Upmeier zu Belzen and Krüger 2010). In instruction, it is also
important to choose the right model that fits the learning goal of the lessons. Students
can learn effectively, when the gap—between the learning goal to attain and the provided
teaching tools or the used models—is very small (cf. Vygotsky 1978).

Res Sci Educ (2019) 49:437–463 439



Integration of Models in Science Instruction and Fostering Scientific
Reasoning Using Models

In science instruction, teachers can use models for different purposes. They mainly use models
to show dangerous and complex phenomena and thus to make these available for students
(Harrison 2001). Therefore, researchers regard models as teaching tools to illustrate certain
aspects (Gilbert et al. 2000; Upmeier zu Belzen 2013) and to transmit content knowledge
(Leibold and Klautke 1999). In addition to illustration, models should be used for the process
of scientific inquiry (Fleige et al. 2012a; Nowak et al. 2013). Scientific phenomena can be
predicted and theories formulated through the use of several models in instruction (Fleige et al.
2012a; Nowak et al. 2013; Schwarz et al. 2009; Treagust et al. 2002; Upmeier zu Belzen and
Krüger 2010). These aspects are also included in scientific reasoning of different National
Education Standards (KMK 2005; NGSS Lead States 2013).

Besides the integration of models in scientific inquiry, high-quality biology instruction is
characterized by critically reflecting on models and introducing them by providing explanations
(Wüsten 2010). A focus should be on "critical reflection on the role and nature ofmodels in science"
(Henze et al. 2007, p. 105). Additionally, critical reflection on models is also an important part of
nature of science (Mayer 2007). Therefore, teachers should highlight the importance of models for
science education (Justi and Gilbert 2002b). If teachers consider these two aspects, students can
develop an elaborate understanding of models. In this way of understanding, models are described
as a changeable tool to test an idea and represent this idea in the best way.A few studies have already
indicated that an understanding of models is fostered by constructing and reflecting on models (e.g.
Baek et al. 2011; Schwarz et al. 2009). However, the results of Khan’s (2011) study also showed that
models are developed but not reflected on or changed in instruction. Nevertheless, students can only
develop such an understanding of models when theyworkwithmodels in the classroom (Grosslight
et al. 1991).

Research on Understanding of Models and Model Use in Science

So far, the main focus of recent research has been on investigating students’ understanding of
models and the model use in science (e.g., Crawford and Cullin 2005; Grosslight et al. 1991;
Grünkorn et al. 2014; Justi and Gilbert 2002b; Upmeier zu Belzen and Krüger, 2010). The
study of Grosslight et al. (1991) is an important work in this field of research, in which high
school students were interviewed about their understanding of models and their use in science.
Grosslight et al. focused on five main aspects of models: kind of models, purpose of models,
designing and creating models, multiple models and changing models. After analysing the
interview data, Grosslight et al. identified three different levels of model understanding:

& Level 1:
Models are simple copies of reality and useful to illustrate real objects. Students have

no idea, why aspects or structures are omitted. Thus, the idea behind the model will not be
clarified to students.

& Level 2:
The construction of the model is oriented to a specific purpose or target. The model no

longer has to be an exact copy of the real object. Models illustrate their relation to reality
and the students begin to identify that the modeller has a specific idea, and why the model
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has to be built in a specific way. However, the focus is on the relation between the model
and the real object. Testing of models is not in scope.

& Level 3:
The model is developed to test ideas and not to illustrate the reality. The modeller

actively constructs the model to evaluate it. Moreover, the model can be changed and
improved in a cyclic constructive process. The focus of model construction work is on the
idea, which should be tested by the model.

In their study, Grosslight et al. revealed that the majority of students only reached level 1 (67%),
only a few reached level 2 (12%) and none had a level 3 understanding of models and their use in
science. When teachers provide an elaborate understanding of models and modelling in science (in
accordance with level 3) in their instruction, students have the possibility to develop such an
understanding. On the basis of Grosslight et al.’s results, Justi and Gilbert (2003) interviewed 39
science teachers from different school types and categorized their understanding ofmodels. Contrary
to the five aspects of Grosslight et al., Justi and Gilbert generated seven aspects of understanding
models: nature, use, entities, uniqueness, time, prediction and accreditation. Justi andGilbert did not
find any support for the three levels of Grosslight et al. in their data. However, their results indicated
that teachers have "a 'naive' view of models" (Justi and Gilbert 2003, p. 1380) concerning the two
aspects of models: their nature and use. Justi and Gilbert also found huge differences with respect to
the educational backgrounds of the teachers: teachers with primary teaching certificates had the
simplest understanding of models in science. Crawford and Cullin (2005) published a framework
regarding the understanding of models based on a literature review. Crawford and Cullin identified
five aspects of model understanding (purpose of models, designing and creating models, changing
models, validating/testing models and multiple models for the same thing), for each of which they
described three to four levels of understanding. Only three aspects, kinds of models (cf. Grosslight
et al. 1991) and their nature and entities (cf. Justi and Gilbert 2003) were not mentioned in the
modelling dimensions of Crawford and Cullin (2005). Based on Upmeier zu Belzen and Krüger
(2010), we developed a theoretical framework to assess and investigate students’ understanding of
models and their use in science. They described the understanding of models in science as ‘medial’,
an illustration of something, as well as ‘methodical’, an instrument for something (Grünkorn et al.
2014; Mahr 2009; Oh and Oh 2011). Upmeier zu Belzen and Krüger’s theoretical framework
comprised five aspects: nature of models, purpose of models, multiple models, testing models and
changing models; for every aspect, three levels were defined. The levels represent the epistemolog-
ical view of models as methods as well as products of science (Gilbert 1991; Mahr 2009). Recent
empirical studies confirmed the increasing difficulty of the three levels in Upmeier zu Belzen and
Krüger’s theoretical framework by using force-choice andmultiple-choice items (Krell 2012; Terzer
2013). Another empirical study by Grünkorn et al. also evaluated the framework of Upmeier zu
Belzen and Krüger by using open-ended test items. The data of Grünkorn et al. confirmed three
levels for the aspects nature and purpose of models but added an initial level of understanding to the
other aspects. However, even in these two aspects, most of the students showed only a limited
understanding ofmodels and their use in science.Most of the previous studies indicated that students
as well as teachers have a limited elaborate understanding of models and their use in science (e.g.
Grosslight et al. 1991; Justi & Gilbert 2003). In contrast to these results, a few studies showed just
the opposite (e.g. Chittleborough et al. 2005; Treagust et al. 2002). Chittleborough et al. showed that
students can have a "scientifically acceptable understanding of themodel concept" (p. 200)when the
students connect the role of models to research tools. Different experiences which students had with
models in instruction could be the reason for these contradictory results (Ingham and Gilbert 1991;

Res Sci Educ (2019) 49:437–463 441



Treagust et al. 2002). Therefore, the use of models should be an essential part in science education
(Grosslight et al. 1991).

In Germany, a main emphasis in science education research is on evaluating National
Education Standards with a focus on scientific inquiry and scientific reasoning (e.g. Nowak
et al. 2013; Wellnitz et al. 2012). These projects included the use of models. The projects
Evaluation of the National Education Standards of Natural Science at the Lower Secondary
Level (ESNaS) (Kremer et al. 2012) and Model of Cross-Linking Scientific Inquiry between
Biology and Chemistry (VerE-model) (Nehring et al. 2011) both considered models as an
important tool in science instruction. Therefore, the use and understanding of models become
increasingly important in science education in Germany. In this regard, an elaborate under-
standing of models represents a key element for fostering students’ general understanding of
Scientific Literacy, including scientific reasoning (Meisert 2008).

Aims of the Recent Study

In summary, we know much about (1) students’ and teachers’ understanding of models and
their use in science (cf. Grosslight et al. 1991), (2) how to operationalize the understanding of
models by different frameworks (cf. Upmeier zu Belzen and Krüger 2010) and (3) how
elaborate model use in science instruction should be like. To look at several aspects of
elaborate model use in science instruction described above, we can summarize these individual
aspects as three main aspects as shown in Fig. 1. These also should be considered by teachers.
First, they have to select a model according to the aspect of illustration. This model should fit
the specific teaching content by taking into consideration the level of abstraction and the level
of complexity. The second aspect teachers have to consider is how to integrate the model in
science instruction. Therefore, teachers need to use the model for scientific reasoning as its
purpose, introduce the model to students and help them work with it. Third, teachers have to
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predict scientific phenomena and revise models as part of scientific inquiry and reflect on them
critically. Therefore, model use in science instruction is an important key element for acquiring
a general understanding of scientific reasoning (Meisert 2008). However, there are no empir-
ical results about how these different aspects of elaborate model use in science instruction are
integrated in teaching practice. Previous studies only showed that models are rarely used in
classroom practice (Dagher 1995; Justi & Gilbert 2002a, b; Treagust et al. 1992). A first
attempt to close this gap was the study of Krell and Krüger (2013). On the basis of the
competence model of Upmeier zu Belzen and Krüger (2010), Krell and Krüger asked 146
German biology teachers how they implemented models in their instruction. Contrary to the
results of the studies of Justi and Gilbert (2002a, b) and Khan (2011), Krell and Krüger found
that teachers use models more elaborately and that they often reflected on the scientific use of
models for scientific inquiry with students. As self-reported data are difficult to interpret and
only an indication for the practical implementation, it is important to verify these results by
using classroom observations (Krell and Krüger 2013).

Many studies in educational research focus on students’ and teachers’ understanding of models.
However, the implementation of the use of models in German classrooms (cf. Krell and Krüger
2013) in accordance with the National Education Standards and the instruction—for understanding
of models provided to students—have rarely been investigated. In order to close this research gap,
direct observations of instruction through videos, in contrast to the study of Krell andKrüger (2013),
were used in this study with the following aims:

1. To develop an objective, reliable and valid instrument tomeasure teachers’ ability to usemodels
elaborately, and therefore, to provide instruction for understanding of models to students

2. To describe the model use in German biology instruction and the implementation of
different aspects of elaborate model use in science instruction

3. To measure which level of understanding of models and modelling will be provided to
students in instruction using the three levels of Grosslight et al. (1991) as a prerequisite for
the development of an elaborate understanding of models and modelling in science.

Additionally, the focus of the video analysis was on three-dimensional physical models,
because the German National Education Standards in the competence area of scientific
reasoning describe models as three-dimensional physical models, whereas diagrams as two-
dimensional models are included in another competence area called subject-specific commu-
nication (KMK 2005).

Methods

This study was part of a cooperative project across different universities in Germany. The
project aimed to analyse relations between teachers’ professional knowledge, their instruction
and students’ outcomes. The present analysis draws on data from the domain biology and
focuses on one feature of instructional quality: elaborate model use in teaching.

Participants in Recent Study

Forty-three biology teachers (60% female) of secondary schools (Gymnasium in German) in
Bavaria, a federal state of Germany, participated in this study. On average, they were 35 years
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old (SD = 8; min = 25 years, max = 52 years) with 6 years of teaching experience after the
traineeship (SD = 5.5). Each participating teacher was videotaped for two neurobiology lessons
in grade nine (N = 85 videos). The lessons were on average 42.46 min long (min = 29.35 min;
max = 84:34 min; SD = 7.34).

Data Collection

Data collection involved four steps for each class:
Step 1. All participating biology teachers completed a professional knowledge test—with

content knowledge (CK) and pedagogical content knowledge (PCK) items based on the study
of Jüttner et al. (2013) and pedagogical knowledge (PK) items based on the study of Lenske
et al. (2015)—during a professional development initiative.

Step 2. Before videotaping, students completed a pre-achievement test on the topic
neurobiology focusing on reflex arc and a questionnaire on estimating their teachers’ profes-
sional knowledge of different features of instructional quality (elaborate model use among
other features).

Step 3. During the teaching unit neurobiology, two lessons were videotaped according to
guided standards based on Seidel et al. (2005). The teaching unit neurobiology is part of the
German curriculum in grade 9 and includes the topics nervous system and sensory functions.
The first videotaped lesson of each teacher was on the topic reflex arc. For the second lesson,
teachers could choose a lesson within the teaching unit neurobiology on their own. The
selection of one specific content area made a comparison of teachers more valid. After each
videotaped lesson, students completed a questionnaire on their situational interest.

Step 4. After the teaching unit neurobiology, post-achievement data and the interest in
biology of each student were collected. Additionally, all the teachers completed a questionnaire
on their professional knowledge of different features of instructional quality (elaborate model
use among other features).

However, this paper refers only to Step 3 of the described data collection.

Description of Category System and Its Different Aspects for Analysing Model Use
in Biology Instruction

A theoretically devised event-based category system was developed to reliably, validly and
objectively measure elaborate model use in biology instruction. In the first step, we defined
models. In our study, models are ‘representations of objects, phenomena, processes, ideas and/
or their systems’ (Gilbert and Boulter 2000, p. 7). This definition comprised thereby structural
and functional models as three-dimensional physical models and diagrams and symbols as
two-dimensional physical models as well as mental models (Steinbuch 1977; Upmeier zu
Belzen 2013). In our study, expert interviews were conducted with nine secondary school
teachers about the type of models, which they use in their instruction. All interviewed teachers
described the type of models, which they use in instruction, as three-dimensional physical
models. This result was also in line with the German National Education Standards, which
only refer to three-dimensional physical models in the context of scientific reasoning (KMK
2005). Additionally, on the basis of the model of Steinbuch (1977), it is only possible to
capture and analyse validly the physical reality in terms of the physical models in the videos.
Therefore, only three-dimensional models were included in our analysis. Examples for three-
dimensional physical models in neurobiology are models of a synapse, an eye or a nerve cell.
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Before coding the videos, we also defined the event model use. A model use event was
defined as a phase of instruction where teachers or students use three-dimensional physical
models to work out the content of lessons. An additional criterion was the active work with the
model of a teacher or students. The term active is defined as students being stimulated by
instruction to be constructive (Chi 2009), and consequently, cognitively active, in their
learning.

The coding process was conducted separately in two steps. In the first step, we did an event-
based basic coding using the program Videograph (Rimmele 2012) to identify all events of
model use. In the second step, all identified events were analysed in depth. Therefore, the
category system included three main aspects, which can be derived from theory and empirical
studies, on how models should be used in science instruction (Collin and Ferguson 1993;
Crawford and Cullin 2005; Fischer et al. 2007; Grosslight et al. 1991; Grünkorn et al. 2014;
Justi and Gilbert 2003; Khan 2011; Klahr 2000; Mayer 2007; Nowak et al. 2013; Upmeier zu
Belzen 2013; Upmeier zu Belzen and Krüger 2010; Wadouh et al. 2014; White et al. 2011;
Wüsten 2010): (1) characteristics of the model, (2) the way the model is integrated into
instruction and (3) the way the model is used to foster scientific reasoning (see Fig. 2).
Furthermore, each aspect was divided into several categories to simplify the video analysis.
In the following subsections, we describe each aspect and its categories and illustrated them
with examples.

For analysing the aspect characteristics of the model, we identified four important catego-
ries: level of abstraction, level of complexity, aspect of illustration and fitting to the learning
goal (for an overview of the categories and their operationalization, see Table 1). The category
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aspect of illustration makes a distinction between visualizing different aspects of a model.
According to Upmeier zu Belzen (2013) and White et al. (2011), models can be classified into
three types regarding the aspect of illustration as subcategories: structural model, functional
model, or a combination of both. Thereby, structural models help to illustrate anatomical and
morphological aspects of the real object. For example, the composition of a nerve cell can be
illustrated by a structural model. In contrast, functional models focus merely on processes,
functions and causal relations. When the model illustrates both aspects, the combined subcat-
egory structural and functional model was used. The category level of complexity describes the
content of the model according to its complexity. By higher complexity in instruction,
students’ cognitive activation in the classroom will be increased, and hence, students’ learning
can be fostered through higher cognitively activating instruction (Fischer et al. 2007; Förtsch
et al. 2016a, b). Taking the work of Kauertz et al. (2010) and Wadouh et al. (2014) into
account, three different levels (or subcategories) were used and adapted for our analysis: fact,
relation and concept. A model of low complexity (or subcategory fact) enables only students
to learn individual anatomical structures with no relations between them. By contrast, a high-
complexity model can show students overarching scientific concept. The next aspect level of
abstraction can be found in several frameworks and describes the degree of similarity of a
model to the real object. At a low level of abstraction, the model can be seen as a copy of the
real object. It contains all structures or aspects of the real object. A high level of abstraction
means no or little similarity to the real object (Grosslight et al. 1991; Grünkorn et al. 2014;
Justi and Gilbert 2003; Upmeier zu Belzen and Krüger 2010). Structures or aspects, which are
irrelevant for learning the lesson content, are not illustrated by the used model. By disregarding
several aspects, teachers can draw students’ attention to the main aspects of the lesson. The
fourth category fitting to the learning goal analysed the fitting between the used model and the

Table 1 Description of the coding categories concerning the characteristics of the model

Category Subcategory Code Description

Aspect of
illustration

Structural model 1 Structural models illustrate anatomical and morphological aspects.
The focus is placed on the structure and structural aspects
of the object.

Functional model 2 Functional models illustrate process and relations. The focus is
placed on processes, functions and causal relations.

Structural and
functional
model

3 Structural and functional models illustrate the structure of an
object, and processes, functions and causal relations.

Level of
complexity

Fact 0 The model imparts only facts.
Relation 1 The model imparts relations. Single facts are connected.
Concept 2 The model imparts a generic concept and connects different

relations. The content of the lesson can be generalized or
applied to a new situation.

Level of
abstraction

Low abstraction 0 The model resembles the real object. It contains all structures of
the real object. It is nearly a copy of the real object.

Medium
abstraction

1 The models resemble the real object only in certain elements.
It contains only a part of the structures of the real object.

High abstraction 2 The model contains only certain elements that are important to the
content. The model has no or little similarity to the real object.

Fitting to the
learning goal

No fitting to the
learning goal

0 The complexity and the level of abstraction of the used model do
not fit to the learning goal of the lesson.

Fitting to the
learning goal

1 The complexity and the level of abstraction of the used model fit to
the learning goal of the lesson.
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learning goal of the lesson. Therefore, the categories level of abstraction and level of
complexity as described above were used. We operationalized the learning goal by analysing
the materials used in instruction. Such fitting between the used model as a teaching material
and the learning goal of the lesson is important to enable students to learn effectively and
successfully (cf. Vygotsky 1978). For example, the learning goal of the lesson is to learn about
the neuronal signalling in nerve cells. The teacher has to choose a model which shows on the
one hand all structures needed for the signalling (level of abstraction) and on the other hand the
relation between these structures (level of complexity).

The description of science instruction by using models was operationalized through the
aspect the way the model is integrated into instruction and its categories introduction of
the model, students working with the model and purpose of the model (see Table 2).
According to Wüsten (2010), introducing models to students in instruction is one aspect of
a high-quality biology instruction. Therefore, the category introduction of the model was
included in our analysis. The category describes whether a teacher introduces a model and
if so, with what intensity. This means that the teacher can introduce the model in an
incidental or detailed way (Wüsten 2010). In addition to the instruction of a model, it is
important that students are confronted with models in instruction and have an opportunity
to work with them on their own (Grosslight et al. 1991; Justi and Gilbert 2003). Therefore,
the category students working with the model includes whether students are working with
a model. The work with models in instruction is necessary for students to acquire a
comprehensive understanding of models (Grosslight et al. 1991). The category purpose
of the model includes two applications of models in science instruction. On the one hand,
models can be used to simplify and illustrate biological structures and functions. On the
other hand, predictions and explanations of the teaching content can be made by models
(e.g. Grosslight et al. 1991; Crawford and Cullin 2005; Grünkorn et al. 2014; Nowak et al.
2013; Upmeier zu Belzen and Krüger 2010). The formulation of these predictions and
explanations is a main aspect of scientific reasoning and should be fostered through
science instruction (cf. KMK 2005; Mayer 2007). Therefore, students’ deeper understand-
ing and processing of the content can be enabled (Sins et al. 2009; Smith et al. 2000). As

Table 2 Description of the coding categories concerning the way, how the model is integrated into instruction

Category Subcategory Code Description

Introduction of the
model

No
introduction

0 There is no introduction of the model in the lesson.

Short
introduction

1 There is a short introduction of the model in the lesson.

Detailed
introduction

2 There is a detailed introduction in the lesson. The teacher
highlights the importance of the model for the topic.

Students working
with the model

No 0 Only the teacher works with the model.
Yes 1 Teacher and students together or the students on their own work on

a specific topic in the lesson using a model.
Purpose of the

model
Illustration 0 The model is mainly used for the illustration of certain aspects of

the object.
Scientific

reasoning
1 The model is mainly used for scientific inquiry. A hypothesis

can be verified or a prediction can be made. Therefore, students
can draw conclusion from the model and transfer them to the
real object.
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structures, functions or processes are not only illustrated by the model, but also further
questions on scientific reasoning are asked, the subcategory tool for scientific reasoning
was coded. Further questions on scientific reasoning can be questions about the changes of
the structures in the model. However, Upmeier zu Belzen and Krüger (2010) stated that
models are usually used for illustration.

The last aspect of the category system (the way the model is used to foster
scientific reasoning) was based on several demands of the German and other national
education standards (cf. DfEaS&Q 2004; KMK 2005; NRC 1996, 2012; NGSS Lead
States 2013). Therefore, the aspect was divided into three categories: predict scientific
phenomena, revise models and critical reflection (see Table 3). Developing scientific
research questions or hypotheses and relating back to them are important aspects of
scientific reasoning and should be part of scientific instruction (Klahr 2000; Mayer
2007). Thus, the category predict scientific phenomena describes whether a teacher
refers models to scientific research questions or hypotheses formulated at the begin-
ning of a lesson. Scientific research questions or hypotheses are scientific questions
raised which can be solved by working with models. In this context, it is irrelevant
whether the teacher or students formulated them. On the basis of this category, we
analysed whether the teacher referred to the scientific research question or hypothesis
at the end of the lesson (category Revise Models). It is important in scientific
reasoning that teachers not only formulate hypotheses but also refer to them at the
end of the lesson (Mayer 2007). Additionally, we included the category critical
reflection. A critical reflection is an important part of nature of science (Mayer
2007) and a demand of the National Education Standards (cf. KMK 2005). By critical
reflection of used models, students’ understanding of models and modelling in science
can be fostered (Baek et al. 2011; Schwarz et al. 2009). However, several authors are
described that critical reflection is rarely done by teachers when using a model in
instruction (Khan 2011; Upmeier zu Belzen & Krüger 2010). To analyse this category,
we took into account the intensity as well as the number of aspects as subcategories.

Table 3 Description of the categories concerning the way the model is used to foster scientific reasoning

Category Subcategory Code Description

Predict
scientific
phenomena

No formulation of scientific
research question or
hypothesis

0 Students or teachers do not formulate a scientific
research question or hypothesis during the work with
models in instruction.

Formulation of scientific
research question or
hypothesis

1 Students or teachers formulate a scientific research
question or hypothesis during the work with models
in instruction.

Revise models No regard to scientific
research question or
hypothesis

0 There is no regard to the scientific research question or
hypothesis formulated at the beginning of the lesson.

Regard to scientific research
question or hypothesis

1 There is a regard to the scientific research question or
hypothesis formulated at the beginning of the lesson.

Critical
reflection

No critical reflection 0 There was no critical reflection during instruction.
Incidentally 1 Teacher or students mention the limitation incidentally

and name one or more aspects.
Detailed 2 Teacher or students mention limitations in detail and

name one or more than one aspect.
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In our category system, the optimal critical reflection is detailed and focuses on more
than one aspect of the model.

After the coding of the videos, the categories were exported to SPSS 22 program for further
analysis. First, descriptive data were calculated and described with frequency and percentage data.

Psychometric Analysis of the Analysed Category

In addition to the aforementioned data analysis steps, a psychometric analysis of the dataset
was also conducted utilizing Rasch measurement techniques. The goal of the analysis was to
refer the categories to teacher’s ability to use models elaborately in instruction, utilize the data
of the video coding which was conducted and to compute an overall teacher measures for
further analyses. Additionally, the reliability of the category system could be verified in this
way. For the psychometric analysis, we used the coded categories of the analysed videos on the
teacher level.

In case we categorized more than one model use event per teacher, the codings for different
categories were aggregated by using the highest observed measure. We assumed that the
highest observed measure is most suitable for describing teachers’ abilities to provide instruc-
tion for elaborate model use in instruction. As the category aspect of illustration was measured
on a nominal level, we did not include this category in the psychometric analysis. Due to the
time-consuming work of video coding, the dataset evaluated using Rasch techniques was
small. Rasch analysis techniques were used in our study because these techniques are now
widely understood to be necessary for the analysis of rating scale data (Wright and Masters
1982). Rating scale data is ordinal, and as a result, the non-linear rating scale data must be
converted to a linear scale before statistical tests are conducted. Rasch analysis provides not
only linear person measures but these person measures are expressed on the same scale as item
measures (or category measures in our study) facilitating the construction of so-called Wright
Maps, which can be used to explain data patterns in a meaningful manner to stakeholders (cf.
Bond and Fox 2007; Boone et al. 2014). The analysis conducted in this study was completed
utilizing the Rasch-model computer program Winsteps (Linacre 2012). The analysis of the
dataset was conducted using a Rasch rating scale model, in which each item (category) was
viewed as having a potentially different rating set of steps; for example, for the category level
of complexity, the meaning of a change from a rating of a 1 to a 2 (for the two subcategories) is
not viewed as the same change as a rating from a 1 to a 2 for the scale of level of abstraction).

Rasch analysis allows researchers to combine potentially items with different rating scales
in a single analysis for the computation of a person measure as well as an item measure.
Therefore, the reliability of the measurement can be verified by conducting a Rasch-analysis
(for the technical details of the analysis steps, see the Winsteps Manual by Linacre 2012 and
references on Rasch analysis in the human sciences, e.g. Boone et al. 2014). The person
measure describes the probability to solve the provided task, or in our study, to work with
models in a specific way, regardless of his specific person ability (Boone et al. 2014).

The person measures obtained by Rasch analysis for each lesson were averaged for each
teacher. Therefore, at the end, we obtained one value per teacher for further analyses.

Description of Coding for the Understanding of Models Provided in Instruction

In addition to the event-based coding described above, we coded the videos for the understanding of
models provided in instruction to students in the lesson to order to have a more in-depth analysis of
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the model use in instruction. To provide an elaborate understanding of models in classroom, it is a
prerequisite for students to develop such an understanding. Therefore, the coding was divided into
three levels of understanding according to the classification of Grosslight et al. (1991). At level 1, a
teacher only describes models as simple copies of the real object. For example, the teacher only
named several morphological structures of the model but did not connect them among each other
and/or to their functions. Level 2 was used in the coding if a teacher describes the relationship
between the model and the real object with the first indication that the models are constructed for a
specific purpose. For example, a process was illustrated by the model and the teacher emphasized
that only the relevant structures were shown in the model for students’ understanding of the content.
The lesson phases at level 3 include the use of models which are built for a certain idea. A teacher
emphasizes the idea that themodel can be changed and evaluated for a certain purpose. For example,
hypothesis raised can be tested by using models and afterwards, the model will be changed, if
necessary. Level 3model use also includes level 1 and level 2model uses, but goes beyond the latter.

Additionally, the results of video coding using levels of Grosslight et al. (1991) were used
for validation of our developed category system. Therefore, the means of our Grosslight et al.
codings and the received person measures were calculated for each teacher and afterwards
correlated using a Pearson correlation.

Objectivity of the Category System

To verify the objectivity of the results of video coding, 10% of the videos (N = 9 videos) were
coded by two trained independent raters, and their percentage agreements and the Cohen’s
kappa coefficients were calculated for each category.

Results

In 85 videotaped lessons, we could identify 68 lessons which teachers or students actively
worked with models. In total, 112 different models were used. In the following sections, we
describe the quality criteria of our analysis and the model use in German biology instruction
according to the developed aspects and their categories.

Quality Criteria of the Coding: Objectivity, Reliability and Validity

One aim of the rating of the lessons according to Grosslight et al.’s (1991) levels was to
validate the results of our analysis of the model use in biology instruction by our category
system. Each analysed phase of lesson in which teachers worked with a model was correlated
with an overall rating of these phases according to levels of Grosslight et al. for the
understanding of models and modelling in science using Pearson correlation. The results of
the Pearson correlation showed a significant positive correlation between the mean of person
measures of our category system and that of the codings according to Grosslight et al.
(r = 0.47; p = .002). Therefore, it can be assumed that a valid measurement was carried out
in our study.

To verify the objectivity of our coding, inter-rater agreement of two independent raters were
calculated. The percentage agreement ranged between 85.1 and 100%, and the Cohen’s κ ranged
between 0.79 and 1.00 for all analysed categories (see Table 4). These values showed a satisfactory
inter-rater agreement (Wirtz and Caspar 2002).
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Descriptive Results of Model Use in German Biology Instruction

The aspect characteristics of the model was operationalized by the categories aspect of illustration,
level of abstraction, level of complexity and fitting to the learning goal. In our analysis, we
categorized structural models (47.3%;N= 53) aswell as functionalmodels with the same frequency.
However, structural-functional models were hardly be observed in our sample (4.5%; N = 5). With
regard to the level of abstraction, models mostly had a low (54.3%; N = 61) or high level of
abstraction (37.5%; N = 42) to the real object (48.2%; N = 54). In terms of the level of complexity,
about half of the used models illustrated relations between single facts (48.2%; N = 54), and only
11.6% of models illustrated visualized concepts to student (N = 13). Facts were illustrated by 45 of
the 112 analysedmodels (40.2%). In terms of the learning goals of the lessons, more than half of the
teachers (N = 75; 67.0%) chose models which are fitted to the goals (see Table 5).

The aspect the way the model is integrated into instruction used in coding contained the
categories introduction of the model, purpose of the model, and students working with the model
(see Table 6). In 34% of the cases of model use (N = 30.4), teachers did not introduce the model
before using it. The model was often introduced by a short sentence (44.6%; N = 50). Nearly a
quarter of the used models were introduced in detail by the teacher (25.0%; N = 28). Furthermore,
teachers enabled students to work with models (N = 90, 80.4%). For demonstrating phenomena by
the teacher, only 19.6% of the models were used (N = 22). The main purpose of the analysed cases

Table 4 Percentage agreement and Cohen’s κ for two independent raters

Category Percentage agreement Cohen’s κ

Aspect of illustration 93.3 .86
Level of complexity 90.0 .82
Level of abstraction 100.0 1.00
Fitting to the learning goal 95.0 .90
Introduction of the model 93.3 .81
Students working with the model 93.3 .90
Purpose of the model 93.3 .88
Predict scientific phenomena 93.9 .90
Revise models 86.7 .84
Critical models 93.3 .81
Understanding of models (Grosslight et al. 1991) 85.0 .79

Table 5 Descriptive statistics concerning the aspect characteristic of the model (N = 112)

Category Subcategory Total number (N) Percentage

Aspect of illustration Structural model 53 47.3
Functional model 54 48.2
Structural and functional model 5 4.5

Level of complexity Fact 45 40.2
Relation 54 48.2
Concept 13 11.6

Level of abstraction Low abstraction 61 54.5
Medium abstraction 9 8.0
High abstraction 42 37.5

Fitting to the learning goal No fitting to the learning goal 37 33.0
Fitting to the learning goal 75 37.0

Total number of ‘model use’ events 112 100.0
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of model use was to illustrate structures or functions of the real object (76.8%; N = 86). Teachers
only asked questions which referred to scientific reasoning in a minority of the cases of model use
(23.2%; N = 26).

For the aspect the way the model is used to foster scientific reasoning, three different
categories were analysed: predict scientific phenomena, revise models, and critical reflection
(Table 7). In the majority of the analysed cases of model use, scientific research questions or
hypotheses was tested (59.8%; N = 67). However, in all the cases, the teacher formulated
scientific research questions but no hypotheses. The teacher referred to the scientific research
questions formulated in 52 of 67 cases (77.7%) during the model use or afterwards. For the 25
analysed cases, the models were just reflected critically in instruction (22.3%). When the
models were reflected critically, their limitations were mentioned in detail for one or more
aspects in only five cases.

In addition to calculation of percentages or frequencies of the coded categories, the Wright
Map calculated by our psychometric analysis was an additional option to describe model use in
biology instruction. As shown in Fig. 3, the Wright Map (Linacre 2012) displays the measures
of the participating teachers on the left side of the vertical line. The nine rating scale items or
categories used to compute a measure for each teacher are presented on the right side of the
Wright Map. We computed these measures utilizing the ratings of each teacher for each item or
category. Higher teacher measure results represented teachers who received higher raw scores

Table 6 Descriptive statistics concerning the aspect the way, how the model is integrated into instruction
(N = 112)

Category Subcategory Total number (N) Percentage

Introduction of the model No introduction 34 30.4
Short introduction 50 44.6
Detailed introduction 28 25.0

Students working with the model No 22 19.6
Yes 90 80.4

Purpose of the model Illustration 86 76.8
Scientific reasoning 26 23.2

Total number of ‘model use’ events 112 100.0

Table 7 Descriptive statistics concerning the aspect the way the model is used to foster scientific reasoning
(N = 112)

Category Subcategory Total
number

Percentage

Predict scientific phenomena1 No formulation of scientific research question or
hypothesis

45 40.2

Formulation of scientific research question or
hypothesis

67 59.8

Revise models No regard to scientific research question or
hypothesis

15a 22.3

Regard to scientific research question or hypothesis 52a 77.7
Critical reflection No critical reflection 87 77.7

Incidentally 20 17.9
Detailed 5 4.4

Total number of ‘model use’
events

112 100.0

a Total number refers to formulated scientific research questions or hypotheses
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on the set of nine rating scale categories. This means that these teachers more often showed the
specific behaviour in the coded categories in the classroom. Higher item measure results
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Fig. 3 Wright Map of elaborate model use in biology instruction. Person measures are plotted with an ‘X’ and
item measures are plotted using the names of the categories



represented items (categories) for which it was more difficult to be rated for a high raw score or
not easy to observe in instruction. Critical reflection and purpose of the model in the context of
scientific reasoning were rarely observed in the video data during model use, whereas students
working with the model and the used models fitting to the learning goal were observed in
nearly every lesson (see Fig. 3).

The Wright Map suggested that some coded categories in this study were too easy for the
typical respondent (or the participating teacher). The categories purpose of the model and
critical reflection showed the highest difficulty in coding or observing in instruction, whereas
the categories students working with the model and fitting to the learning goal the lowest
difficulty. A higher person measure indicates a more elaborate model use in biology instruc-
tion; and therefore, a teacher provides instruction for a higher understanding of models to
students.

In order to analyse the understanding of models in instruction provided by the teacher, we
additionally rated the level of understanding of models and modelling in science, as described
by Grosslight et al. (1991). The majority of teachers fostered the understanding of models and
modelling at level 2 (N = 21; 53.8). This means that their focus of the model use was on the
relation between model and real object. Aspects to change or manipulate the used models
according to an idea were neglected in instruction. Only four teachers (10.3%) provided an
understanding of models as simple copies of the reality to their students. Over one third of the
teachers provided an understanding of models in instruction at level 3 (N = 14: 35.9%);
therefore, the idea behind the modelling process was imparted deliberately to students.

Understanding of Models Provided in Instruction to Students—Psychometric
Results

When a Rasch analysis of a dataset is conducted, there are a number of steps, which are
commonly taken. Below, we provide an overview of the key Rasch analysis results in this
study to verify the reliability of our category system.

For our analysis, we utilized guidance provided by Linacre (2012) and other researchers to
evaluate item fit. More specifically, items were evaluated with respect to a targeted MNSQ
Outfit less than 1.3. All evaluated categories—considered as items in Rasch analysis—
exhibited the MNSQ Outfit and Infit below 1.3 and therefore showed a productive measure-
ment (Bond and Fox 2007). This result provided some evidence that the items or categories
can be combined together for the computation of a person measure as well as an item measure.

Reliability is a common index reported in the science education literature. Rasch analyses
facilitate the computation of both person reliability as well as item reliability (Boone et al.
2014). These values in a Rasch analysis are corrected for the non-linearity of raw ordinal data.
In this study, the item measure reliability was 0.91 and the person measure reliability 0.62.
Such values are not unexpected given the small number of items or categories being used to
measure the participating teachers. The importance of such values is that the data suggests that
one can have a level of confidence in the difficulty ordering of items or the categories, but with
respect to person measures, one must be cautious as suggested by Boone et al. (2014). Linacre
(1994) also discussed issues associated with sample size in Rasch analysis.

In summary, the results of the Rasch analysis suggested that the data from the teachers and
the codings of the elaborate use of models by these teachers using the nine categories in the
rating scale fit the Rasch model. Due to the limited number of items or categories used to
evaluate each respondent, some caution should be taken when generalizing the results with
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respect to the ‘measures’ of each of the teachers. Although a sample of teachers was utilized to
compute item (category) measures, Rasch analysis results showed that there is a greater degree
of certainty with regard to the these measures.

Summary of Results

On the basis of the results, it can be assumed that model use in biology instruction was
analysed objectively, validly and reliably using the developed category system. Therefore,
conclusions about model use in instruction can be made.

The work with models in the topic neurobiology at secondary schools in our sample can be
described as follows. The used models are either structural or functional models. These models
give a detailed description of relations between several aspects on a low level of abstraction.
Furthermore, the teacher chooses the model appropriate to the learning goal, which he/she
wants to achieve in the lesson. In instruction, the teacher shortly introduces the model before
working and enables his/her students to involve in the model work phases. The models are also
used to illustrate several structural and functional aspects of the real object. Models are not
only tools for illustration, but also used to foster students’ scientific reasoning. In working with
models, scientific research questions are raised and referred to the models. However, the
teacher gives hardly any attention to a critical reflection on models. Additionally, the relations
between a model and its related real object are highlighted in instruction.

Unlike what has been assumed, models are not only used for illustration in instruction, but
they are also seen as tools to foster students’ understanding of scientific reasoning.

Discussion

First, an objective, reliable and valid instrument to measure teachers’ ability to use models
elaborately should be developed. The high value of inter-rater agreement in our study indicated
an objective measurement of the model use in biology instruction by using the developed
category system (cf. Wirtz and Caspar 2002). Furthermore, the validity of our measurement
was verified, as we found a high correlation of our results with the rated levels of understand-
ing of models according to Grosslight et al. (1991). Grosslight et al.’s classification provided
the basis for this research in the field of understanding of models in science (e.g. Grünkorn
et al. 2014; Justi and Gilbert 2003; Upmeier zu Belzen & Krüger 2010). Therefore, Grosslight
et al.’s described levels of model use are a good indication for graduation in understanding of
models and modelling in science. The results and fit indices of our Rasch analysis were used to
verify the reliability of our measurement. Through Rasch analysis of video data, it was
possible for us to use theoretical individual aspects in order to get one measurement for each
teacher, and in this case, for the elaborate model use in biology instruction. All fit indices
showed satisfactory values (cf. Bond and Fox 2007; Boone et al. 2014). Therefore, the
category system in this study could be used for further analyses and to make statements about
the model work in German biology instruction.

To foster students’ scientific literacy, the demands of the national educational standards
include the work with models in science instruction (DfEaS&Q 2004; KMK 2005; NRC 1996,
2012; NGSS Lead States 2013). Models are not only considered to be copies of the reality but
also to be tools for scientific reasoning (Fleige et al. 2012a; Nowak et al. 2013); however, until
now, models have rarely been used in science instruction. If teachers use them, structures and
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processes in science should be illustrated by means of models (Upmeier zu Belzen and Krüger
2010; Wüsten 2010). One aim of our study was to describe the model use in German biology
instruction and how models are used according to scientific reasoning in instruction. The
descriptive data of our analysis showed that models are mainly illustrated aspects of the reality;
however, more than a quarter of the used models were found to foster students’ scientific
reasoning. These findings verify the results of Krell and Krüger (2013), which were self-
reported data of teachers. Furthermore, formulating scientific research questions and referring
back to them are important steps in scientific work (cf. Mayer 2007). Therefore, the under-
standing of science and its process are clarified. An emphasis lies on the idea behind the model
and the possibility to change and manipulate models to test ideas (cf. Grosslight et al. 1991;
Upmeier zu Belzen and Krüger 2010). This supports the development of an elaborate
understanding of science by students (Meisert 2008). In contrast to formulating scientific
research questions, critical reflection could hardly be observed in the analysed lessons in our
study. The descriptive results were also verified by the analysis of the Wright Map (see Fig. 3).
The Wright Map provides a summary of the ordering and spacing of categories from the most
easy to the least easy to observe in the lessons. The ordering of items or categories from easy to
difficult and the spacing of categories provides a picture of which categories or aspects of
instruction during model use are easy or difficult to implement in biology instruction. In the
Wright Map, critical reflection was also described as the category which was observed least in
contrast to predict scientific phenomena and formulating scientific research questions. In the
case teachers critically reflected on the model, they did it in an incidental way. The studies of
Wüsten (2010) and Khan (2011) showed similar results. The critical reflection is considered as
important part to foster students’ elaborate understanding of models and modelling in science
(Baek et al. 2011; Schwarz et al. 2009). Previous studies already indicated a positive influence
of reflecting on models on students’ understanding of models (Baek et al., 2011; Schwarz et al.
2009) and consequently on students’ achievement. It is necessary that "the learning of
scientific models […] and the act of modelling […] should go together with a critical reflection
on the role and nature of models" (Henze et al. 2007, p. 105). Furthermore, students can
develop misconceptions because they lack critical reflection of the used model and this has an
adverse impact on their learning. Additionally, critical reflection of models is seen as an
important instructional quality feature in biology (Wüsten 2010). Therefore, critical reflection
has to be established in model work. Another instructional quality feature is the introduction of
the used model (Wüsten 2010). Teachers in this study introduced models to their students;
therefore, the importance of the model for learning the content as the learning goal of the
lesson could be clarified to them. To facilitate students’ learning, teaching material as models
which are suitable for the teaching content should be provided to students (cf. Vygotsky 1978).
Thus, models fitting to the learning goal of the lessons can support students’ learning. Using
such a model, students can reach the learning goal more easily (cf. Ergönenc et al. 2014). In the
analysed lessons, the majority of the used models were fitted to the learning goal and,
therefore, can facilitate the learning process of the students. Models used in the lessons mainly
illustrated relations between several aspects of the real object. However, illustrating concepts to
students was rarely implemented. Nevertheless, teaching concepts is important for cognitively
activating students (Fischer et al. 2007) and increases students’ understanding of connections
between theory and phenomena (cf. Oh and Oh 2011). The studies of Förtsch et al. (submitted)
and Wadouh et al. (2014) showed similar results according to the level of complexity of tasks
in biology instruction. The analysed lessons of both studies were characterized by imparting to
students single facts or relations between them. Our descriptive results also showed that
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students were often involved in working with models. In the Wright Map (see Fig. 3), the
aspect students working with the model was one of the most observed categories in our results.
As a result, students could possibly have deeper processing of the learning content (Craik and
Lockhart 1972). Thus, students’ cognitive activation can be fostered and their learning
improved (cf. Förtsch et al. 2016a, b; Kunter et al. 2013). Additionally, active working with
models fosters students’ understanding of models and their critical view of scientific phenom-
ena (Grosslight et al. 1991; Lehrer and Schaub 2004; Schwarz and White 2005; Stewart et al.
2005). All these described aspects can contribute to developing an elaborate understanding of
science among students.

To analyse the understanding of models provided to students in the analysed lessons by
teachers according to the levels of Grosslight et al. (1991) was another aim of our study.
Students can only develop an elaborate understanding of models and modelling in science
(corresponding to level 3 of Grosslight et al. 1991) when such an understanding is imparted to
students in instruction. An elaborate understanding of models and modelling in science also
helps students to develop an elaborate understanding of science (cf. Meisert 2008). In contrast
to many studies (e.g. Danusso et al. 2008; Harrison 2001; Justi and Gilbert 2002a; Van Driel
and Verloop 1999, 2002), most of the teachers in our study provided instruction for an
understanding of models at levels 2 or 3 to their students so that the idea behind the models
and the relations between the models and reality could be shown to the students. That indicated
that teachers can provide an elaborate understanding of models to their students. We also
assume that teachers have an elaborate understanding of models, because "there is a strong
relationship between what teachers know and think, and the way they teach" (Just and van
Driel 2005, p.197). Therefore, our results support the students’ perceptions about the role of
models in learning science (Chittleborough et al. 2005).

In general, teachers in our study were able to provide an elaborate understanding of models
to their students within instruction but had problems in implementing individual aspects of
scientific reasoning in their model use (Fig. 4). When using models, teachers also taught
generic concepts for a deeper understanding of the content. Considering the results of our
descriptive analysis and the Wright map, we can describe which parts of elaborate model use
that teachers found difficult in implementing in classroom practice. Teachers show deficits
especially in the critical reflection. As a result, teachers have to be aware of the fact that critical
reflection is an important aspect of model use. Therefore, we have to include this way of
teaching in university education of pre-service teachers and professional development
initiatives. We also have to give teachers examples about how they can implement models
in scientific reasoning including critical reflection. In Germany, Fleige et al. (2012b) already
suggested further approaches about this. They developed a workbook with a focus on using
models in the context of scientific reasoning and described examples for different content areas
of the curriculum.

There are also some limitations of this study. Only three-dimensional physical models were
considered in our analysis according to the classification of the German National Education
Standards (cf. KMK 2005). However, two-dimensional models such as diagrams should also be
considered in further analysis. In Germany, several studies already dealt with the implementation of
diagrams in instruction (e.g. Lachmayer et al. 2007); however, diagrams were not considered in the
context of models and modelling. It would be interesting to know if results about two-dimensional
model use in instruction are comparable to the results described in this paper. Another limitationwas
that mental models were not to be taken into account in our analysis. In our video studies, it was not
possible to validly analyse the awareness of students or their mental models "which individuals
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generate during cognitive functioning" (Vosniadou 1994, p. 48; cf. Steinbuch 1977).
Through instruction, students develop an understanding of models and modelling through
mental models. Consequently, teachers have to provide an elaborate understanding of
models and modelling in their instruction as a pre-requisite. In this study, the physical
reality in terms of physical models (cf. Steinbuch 1977) could only be analysed through
the videotaped lessons. In videos, mental models of students or teachers are not observ-
able. To measure mental models of students’ awareness, interviews and questionnaires
about their mental models have to be conducted in further studies and the results included
in the instructional analyses. As a further limitation, all coded categories were only on a
descriptive level. Further in-depth analyses of the aspects of model use are necessary to
find out problems teachers may have in implementing scientific reasoning or critical
reflection on models in their instruction. By using a theory-based coding manual and
Rasch analysis in this study, we measured the level of model understanding provided in the
teachers’ instruction to their students. However, there are other ways to measure the
features of instructional quality (Helmke 2003). To get an extensive view on this aspect,
perceptions of students and teachers should also be taken into account. Some studies
indicated positive correlations between the different perspectives—teachers, students and
external observers—but they only focused on general aspects of instructional quality such
as classroom management (Clausen 2002; Pauli 2012).

To provide an elaborate understanding of models and modelling in science, teachers also have to
have such an understanding. Therefore, further analyses should concentrate on teachers’ precondi-
tions for developing of an elaborate understanding of models and modelling, and consequently,
using models in an elaborate way in their instruction. These preconditions can also include different

458 Res Sci Educ (2019) 49:437–463

Fig. 4 Model for the elaborate model use in science instruction including the integration of our results. Note.
Aspects in grey boxes are already implemented in biology classroom. Aspects in grey-white dashed boxes are to a
small extent, whereas aspects in white boxes are nearly not putted into practice. The nominal category aspect of
illustration was not included and therefore not highlighted



dimensions of professional knowledge, one dimension of which, pedagogical content knowledge, is
already linked to several teaching strategies (Shulman 1986). One such teaching strategy in science
using models in instruction was described by Van Driel et al. (1998).

The main emphasis of science instruction is to foster students’ understanding of
science. Instruction has to provide a general understanding of scientific reasoning as
part of scientific literacy. Through an elaborate understanding of models and modelling,
the understanding of scientific reasoning can be fostered (Meisert 2008). Therefore, the
effects of an elaborate understanding of models and modelling as well as elaborate use of
models in instruction on student outcome variables, such as achievement or interest in
science, should be analysed in further studies.
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