(2021) 14:4
Fischer et al. Evo Edu Outreach
https://doi.org/10.1186/s12052-021-00144-0

Evolution: Education and Outreach
Open Access

RESEARCH ARTICLE

Measuring biology trainee teachers’
professional knowledge about evolution—
introducing the Student Inventory
Julian Fischer1* , Thorben Jansen2, Jens Möller2 and Ute Harms1

Abstract
Background: To teach evolution efficiently teachers must be able to diagnose their students’ ideas and understanding of the phylogeny of organisms. This encompasses different facets of content-specific professional knowledge,
that is, knowledge about core ideas and theories, as well as knowledge about respective misconceptions. However,
as findings from the field of psychology have shown, diagnostic activities comprise a further facet, namely, teachers’
judgment accuracy. This refers to the question of whether achievement-irrelevant information about the student
influences teachers’ diagnoses. Against this background we conducted a study (1) to assess trainee teachers’ abilities
to diagnose (a) the scientific correctness of students’ written answers, (b) students’ misconceptions about evolution,
and (2) to investigate the interplay of evolution specific and generic facets of professional knowledge during the diagnosis. For this purpose, we applied a digital instrument, the Student Inventory (SI). Using this instrument, the trainee
teachers (N = 27) first diagnosed written answers (N = 6) from virtual students regarding their scientific correctness
and regarding students’ misconceptions about the natural selection of the peppered moth. Second, to test for judgment accuracy, the trainee teachers received—via the SI—achievement-irrelevant information about each virtual
student, that is, the previous result of a multiple-choice questionnaire about evolution, before diagnosing the written
answers.
Results: The trainee teachers were able to distinguish between scientifically correct (90.8%) and scientifically incorrect (91.7%) written answers. Trainee teachers faced problems when diagnosing specific misconceptions categories.
Anthropomorphic misconceptions were diagnosed significantly more often (61.1%) than teleological misconceptions
(27.8%). The achievement-irrelevant information influenced the trainee teachers’ assessment of written answers (F
[1,26] = 5.94, p < .022, η2 = .186) as they scored the written answers higher if the performance in the questionnaire
was good and vice versa.
Conclusion: The findings indicate that the diagnosis is easier or more difficult depending on the particular misconception category. However, the findings also reveal that, besides the evolution-specific facets of professional
knowledge, generic facets interrelate with the quality of the diagnosis result. We conclude from these findings that an
integration of evolution-specific and generic knowledge into the education of biology teachers is critical.
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Introduction
The mission of evolution education is to foster accurate
mental models of the mechanisms of evolutionary theory—the overarching framework of the life sciences—
and to introduce an appreciation of the centrality of this
framework for a scientific understanding of the living
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world. However, students throughout the educational
hierarchy, the public, and even science teachers lack an
understanding of the relevant principles and concepts
of evolutionary change (e.g., Nadelson and Sinatra 2009;
Nehm and Reilly 2007). Many of them also resist accepting the theory of evolution as the best scientific explanation for the similarities among organisms, for biological
diversity, and for various features and processes in the living world (Berkman and Plutzer 2011). The factors influencing understanding are diverse and include influences
of alternative conceptions (e.g., Kampourakis and Nehm
2014), mismatches of everyday language and scientific
terminology (Rector et al. 2013), selection of model
organisms and traits (i.e., animal vs. plant, trait gain vs.
trait loss; Großschedl et al. 2018), students’ thinking
dispositions (Athanasiou and Papadopoulou 2012), feeling of certainty (Ha et al. 2012), and students’ religious
views (e.g., Allmon 2011; Athanasiou and Papadopoulou
2012). Thus, the correct teaching of the evolutionary theory by biology teachers is highly important for students,
as it acts as a central link between different concepts and
highlights the similarities in the complexity of biological
concepts (Tibell and Harms 2017).
The teacher is one of the most important determinants
of students’ performance (e.g., Mahler et al. 2017). Teachers make a difference in the achievement of their students in science classrooms. Many studies have shown
that teachers’ professional knowledge is the key factor
for teaching (e.g., Abell 2007; Kunter et al. 2013). Based
on Shulman’s (1987) taxonomy, professional knowledge
in educational sciences can be differentiated into three
main facets: content knowledge (CK), pedagogical content knowledge (PCK), and pedagogical knowledge (PK).
In the context of evolution education, for example, CK
is necessary to identify key ideas and principles about
evolutionary mechanisms such as natural selection (e.g.,
Großschedl et al. 2015), PCK to diagnose prominent student misconceptions (e.g., Ziadie and Andrews 2018),
and PK to make accurate judgments about the performance shown (e.g., Schrader 2006). Thus, these domains
of professional knowledge and the corresponding facets play an important role in the diagnostic activities of
teachers, for example, in the assessment of students’
statements or written performance (e.g., Helmke et al.
2004). Without a comprehensive diagnosis of existing
misconceptions, a subsequent individualized support of
the students to enable them to succeed in achieving an
elaborated understanding of evolution is not possible.
The aim of the present study was to investigate trainee
teachers’ biology-specific and generic facets of professional knowledge. The focus was on knowledge regarding evolutionary theory, specifically the process of
natural selection. In an effort to gain insights into biology
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teachers’ diagnostic activities based on their professional knowledge, we further developed the digital survey instrument – the Student Inventory (SI)—of Kaiser
et al. (2015). Furthermore, we gained first indications
about the relationship between the declarative and procedural knowledge of the biology trainee teachers. In the
following sections, we strongly focus on the teaching and
learning of evolution, focusing on prominent student
misconceptions related to natural selection as well as on
the biology trainee teachers’ professional knowledge.

Theoretical background
Teaching and learning evolution

Evolution is the central comprehensive explanatory
framework not only in biology but also in all of the life
sciences (e.g., German National Academy of Sciences
Leopoldina 2017; National Research Council 2012). It has
the power to explain the diversity of life and to foster the
understanding of how and why populations change over
time (e.g., Sickel and Friedrichsen 2013). Therefore, the
theory of evolution is part of numerous science education curricula and standards in many countries (e.g.,
Germany: Standing Conference of the Ministers of Education and Cultural Affairs of the Federal States in the
Federal Republic of Germany [KMK] 2005; USA: Next
Generation Science Standards [NGSS] 2013). Evolutionary processes are the basis for all topics in the field of
biology and form the foundation for a conceptual understanding of the life sciences (e.g., Anderson et al. 2002;
Basel et al. 2014; Bishop and Anderson 1990; Furtak
2012; Opfer et al. 2012; Zabel and Gropengießer 2011).
Despite the complexity of the theory of evolution, the
core ideas of evolution can be summarized in a few sentences. Biological evolution can be defined at the lowest
level (microevolution) as changes in the allele frequency
of a population. These changes and the resulting genetic
variation are caused by recombination and mutation.
Variability is the basis of the core mechanism of evolution—natural selection, which describes the adaptation
within species. Those individuals that are genetically
better adapted to environmental conditions are more
likely to survive as well as to have a higher reproduction
rate. In the next generation, these beneficial traits occur
more frequently and the population adapts to the environmental conditions (e.g., Andersson and Wallin 2006).
Although there are differences in the number of relevant
key concepts (e.g., Anderson et al. 2002; Moharreri et al.
2014; Nehm and Schonfeld 2008), the concepts of variation, inheritance, and selection provide a sufficient explanation of evolutionary change through the process of
natural selection (Endler 1986; Mayr 1982).
However, the complexity of the evolutionary theory leads to great problems in teaching and learning.
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Research has identified evolution as a very challenging
component of the science curriculum and indicates that
traditional teaching approaches are ineffective in transforming students’ misconceptions into scientifically adequate ways of thinking (e.g., Basel et al. 2013; Bishop and
Anderson 1990; Gregory 2009; Kampourakis and Zogza
2008; McVaugh et al. 2011; Opfer et al. 2012; Pazza et al.
2010). A major impediment to learning is the numerous misconceptions that exist with regard to the theory
of evolution. Misconceptions are understood to be students’ ideas and thoughts that are incompatible with scientific knowledge (Yip 1998). Students’ misconceptions
are dependent on their experiences, the language used
in daily communication, the lack of CK of their teachers,
and the textbooks they use (e.g., King 2010; Nehm et al.
2009). Misconceptions about natural phenomena arise at
an early age and even before school education, when children explore their physical and social environments (e.g.,
Beardsley 2004; Bruckermann et al. 2020; Driver 1988;
Evans 2000). These misconceptions are used to explain
evolutionary mechanisms. Consequently, misconceptions not only are found at the level of young children
but are also anchored in the minds of high school students (Demastes et al. 1995), biology majors (e.g., Dagher
and BouJaoude 1997; Nehm and Reilly 2007; Nehm and
Schonfeld 2008), medicine students (Brumby 1984), and
science teachers (Nehm and Schonfeld 2007). The fact
that the principles of evolutionary biology are widely
misunderstood by students as well as by large parts of the
public has motivated educators and researchers to focus
on identifying evolutionary misconceptions and finding
instructional strategies to overcome these (for an overview: on misconceptions, see Gregory (2009); on teaching strategies, see Ziadie and Andrews 2018; Harms and
Reiss 2019).
Evolutionary misconceptions are manifold and refer
to different evolutionary mechanisms. Evans (2000)
observed that the process of the origin of species is
seen as a spontaneous event regardless of the evolutionary processes involved. This is expressed in numerous
creationist or religious ideas that explain that God or
another creator is responsible for the origin of species
(e.g., Basel et al. 2014; Berti et al., 2010; Billingsley et al.
2016; Großschedl et al. 2014; Rissler et al. 2014; Yasri and
Mancy 2014). Here, evolutionary biological knowledge
is particularly important, as international studies have
shown that sophisticated knowledge about evolution
can positively influence the acceptance of the theory of
evolution (e.g., Barnes et al. 2017; Deniz et al. 2008; Fiedler et al. 2019; Ha and Baldwin 2015). Another set of
problems results from the fact that many evolutionary
concepts appear to be counterintuitive to students (e.g.,
Tibell and Harms 2017). In this context, misconceptions
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can arise in the field of phylogeny, where the deep time of
evolutionary processes is not understood correctly (e.g.,
van Dijk and Kattmann 2010), or the origin of related
species leads to problems for students when the concept
of the last common ancestor cannot be discerned (e.g.,
Baum et al. 2005; Catley et al. 2013; Gregory 2008; Phillips et al. 2012).
Natural selection is the key mechanism of evolutionary change that leads to features adapting to new environmental conditions. The concept of natural selection
is widely accepted by biologists today and can be briefly
summarized: Species are adapted to their environment
because individuals with the most suitable traits for
that environment have a higher probability of survival
and pass these traits on to their offspring. Over time,
this leads to changes in the frequency of the hereditary
traits of populations (Mayr 1982). This simple explanation of natural selection suggests that it would be easy
to communicate, but years of research have shown that
it is one of the most difficult topics to teach in biology
(e.g., Bishop and Anderson 1990; Nehm and Reilly 2007).
In connection with the process of natural selection,
numerous misconceptions that inhibit students’ understanding are described in the literature (e.g., Bishop and
Anderson 1990; Ferrari and Chi 1998; Gregory 2009;
Nehm et al. 2009; Shtulman 2006). These include, in
particular, anthropomorphic and teleological misconceptions. Problems arise when students transfer human
thinking, including emotion, motivation, and reasoning, to non-human organisms such as animals or plants.
These anthropomorphic beliefs are based on the conception that the change of a trait is the result of an intentional and purposeful action performed by the individual
to cope with new environmental conditions (e.g., Byrne
et al. 2009; Demastes et al. 1995; Gregory 2009; Kallery
and Psillos 2004; Sinatra et al. 2008; Tamir and Zohar
1991). An example of an anthropomorphic explanation
is that the eagle’s good eyes have developed because the
eagles thought that good eyes would help them to spot
the mouse from a far distance (Neubrand 2017). Here,
the development of the eyes is directed solely by the individual, who judges the characteristic to be beneficial. This
trait development is a singular event and does not refer
to any evolutionary mechanisms. A further conceptual
bias related to anthropomorphism is teleology, in which
the environment itself causes traits to change over time.
Teleological misconceptions always follow a “start-finish scheme” with an unchangeable final result (Stover
and Mabry 2007). Here, the development of a trait is
target-oriented and purposeful (e.g., Alters and Nelson
2002; Andrews et al. 2011; Beardsley 2004; Bishop and
Anderson 1990; Kampourakis and Zogza 2008; Nehm
et al. 2009; Nehm and Reilly 2007; Nehm and Schonfeld
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2008; Settlage 1994; Sinatra et al. 2008). To explain the
good eyes of the eagle, students could say that they have
evolved in order to give the eagle an advantage when
hunting (Neubrand 2017). However, the dynamics of the
adaptation process of living organisms are far more complex, and underlying concepts of evolution such as the
influence of randomness and probability are completely
ignored in these misconceptions (e.g., Fiedler et al. 2017,
2018; Garvin-Doxas and Klymkowsky 2008).
The use of the goal- and purpose-oriented explanation of evolution is a natural human tendency and is
intuitively based on humans’ own personal experiences
in goal- and problem-oriented thinking (Gregory 2009).
This process is reinforced by the fact that pupils are often
asked in science classes to explain natural phenomena
causally (Olander 2012). Additionally, this tendency is
supported by everyday language but also by scientific language (e.g., Alters and Nelson 2002; Nehm et al. 2010).
Terms such as selection and adaptation suggest that these
are directed processes that can in fact be viewed as beneficial under the current environment (e.g., Baalmann
et al. 2004; Gregory 2009). However, the goal or purpose
is not the determining factor for the development of a
trait; instead, evolutionary biological mechanisms such
as variability, selection, and inheritance are the determining factors (e.g., Godfrey-Smith 2007; Tibell and Harms
2017).
Frequently, there are problems in distinguishing
between the individual and population level in evolutionary processes. The process of natural selection is based
on individual traits and their interrelation with the environment. Finally, it is genetic variability that causes the
differences in the phenotype. Individuals in a population therefore exhibit morphological, physiological, and
behavioral differences, which can manifest themselves
through generations in a population (Andersson and
Wallin 2006). If the precondition that adaptation takes
place on an individual level is ignored, an essentialist
view can result. The essentialist misconception is characterized by the assumption that members can be assigned
to a category that has an underlying "true nature" that
is permanent and heritable. This true nature gives these
members their basic identity (Evans 2000; Shtulman
2006). Here, differences between the evolutionary processes of populations (i.e., between-category differences)
are overestimated, whereas variability at the individual
level (within-category differences) is underestimated,
which poses a threat to the understanding of the evolutionary theory (Opfer et al. 2012).
Learning difficulties regarding the topic of evolution have been shown in many studies (e.g., Nehm and
Reilly 2007; Nehm and Schonfeld 2007; Wandersee et al.
1995) and this finding has spurred researchers to focus
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on identifying and addressing common misconceptions
(Anderson et al. 2002). Thus, the overarching goal of biology teaching is to support students to acquire conceptually and biologically correct knowledge about evolution
and to prevent misconceptions (Gregory 2009). Here,
several facets of the trainee teachers’ professional knowledge, which forms the basis for diagnostic activities,
are necessary to evaluate scientific correctness and are
essential to identify students’ difficulties in understanding evolution (i.e., misconceptions) and to make adequate
interventions.
Biology teachers’ professional knowledge

Every day, biology teachers are confronted with diagnostic activities in the classroom. These include, for example, assessing the correctness of student answers during
lessons or evaluating written performance, as shown in
exams (Förtsch et al. 2018). Within the domain of professional knowledge, CK, PCK, and PK are relevant in
the diagnosis of student performance (e.g., Brunner et al.
2011; Helmke et al. 2004; Kunter et al. 2013). Both CK
and PCK are primarily described as content-specific facets, while PK can be considered as content-independent
(e.g., Förtsch et al. 2018).
CK in general addresses the knowledge about facts
and terms as well as conceptual understanding (Shulman
1986). In the context of evolution, CK primarily comprises the knowledge about the key ideas and principles
of evolution. In addition, biology-specific CK includes
the knowledge to determine validity within the domain
(i.e., knowledge of research methods) and the knowledge about the nature of science (e.g., Großschedl et al.
2015). Several studies have shown that elaborated CK is
essential for effective teaching (e.g., Baumert et al. 2010;
Friedrichsen et al. 2009), but CK alone is not sufficient to
enable teachers to perform diagnostic activities that lead
to adaptive teaching and interventions in learning (e.g.,
Abell 2007; Baumert et al. 2010; Förtsch et al. 2018). CK
is an important prerequisite for the development of PCK,
which was defined by Shulman (1987) as a synthesis of
content and pedagogy, and goes beyond subject matter
knowledge. This knowledge domain is required to make
the subject matter understandable. Shulman’s model
(1987) describes at least two facets of PCK, the knowledge about students’ conceptions and preconceptions,
and the knowledge about strategies to overcome them.
Numerous research groups agreed with this initial conceptualization and defined the knowledge about students’
understanding and the knowledge about instructional
strategies for teaching as the most important facets of
PCK (e.g., Förtsch et al. 2018; Grossman 1990; Hill et al.
2008; Lee and Luft 2008; Mahler et al. 2017; Park and
Oliver 2008). Knowledge about student misconceptions

Fischer et al. Evo Edu Outreach

(2021) 14:4

includes knowledge about the context in which student
misconceptions occur, the context-specific categories of
misconceptions, and the extent to which these misconceptions can impede the learning of scientific concepts.
By anticipating these misconceptions, a teacher can plan
questions to reveal this thinking and to teach in such a
way that will help students to develop scientifically adequate ideas about natural selection (Ziadie and Andrews
2018). The knowledge about instructional strategies comprises knowledge on how to integrate the representation
of subject matter and how to address specific learning difficulties (Großschedl et al. 2015; Hill et al. 2008;
Lee and Luft 2008). Additionally, other facets of PCK
have been introduced in the past, such as knowledge of
the curriculum (e.g., Tamir 1988; Ziadie and Andrews
2018), knowledge of assessment methods (e.g., Hashweh
2005; Magnusson et al. 1999; Ziadie and Andrews 2018),
knowledge about models (Tepner et al. 2012), or knowledge of teaching resources (Lee and Luft 2008). To diagnose whether a student has already developed a scientific
concept in evolution, the teacher needs knowledge about
the key ideas and principles of evolution as a facet of CK.
If the student holds a misconception, the first facet of
PCK, the knowledge about student understanding, is relevant. The teacher must assess the quality of the student’s
understanding, that is, which type of misconception is
present (Förtsch et al. 2018).
In comparison to CK and PCK, facets of PK transcend
the content-related areas and focus on knowledge about
learning strategies, knowledge about effective classroom
management, and knowledge about judgment accuracy
(e.g., Brunner et al. 2011; Kunter et al. 2013). The latter
refers to the ability to assess individuals appropriately
(Schrader 2006). Previous research on diagnostic competence (here: knowledge about judgment accuracy; facet of
PK) of teachers has shown that teachers’ judgments are
influenced by judgment errors, such as the halo effect,
and affect the judgment accuracy (Vögelin et al. 2019). A
halo effect occurs when one feature affects the judgment
of another independent feature. The halo effect refers to
the tendency to form an overall impression based on a
prominent, dominant feature, which prevents the teacher
from distinguishing between different features of performance assessment (e.g., Borman 1975; Murphy and
Reynolds 1988).
Regardless of this differentiation between CK, PCK,
and PK, the dichotomous classification of teacher professional knowledge into declarative (“knowledge that”)
and procedural (“knowledge how”) knowledge has been
established based on psychological approaches (e.g., Fenstermacher 1994; König et al. 2014). Declarative professional knowledge comprises factual knowledge that is
accessible (explicit) to consciousness and is acquired
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primarily in academic discourse (Baumert and Kunter
2013). Procedural professional knowledge comprises
action-oriented knowledge, which is often implicit and
therefore difficult to verbalize. Through systematic practice and contextualization, procedural knowledge may
develop from declarative knowledge (e.g., Schneider
and Stern 2010). However, the two types of knowledge
can also be unconnected or even contradictory (Shulman 1986). This reveals a problem in teacher education, namely, that the declarative knowledge acquired in
teacher education often remains tacit and is not transformed into procedural knowledge (e.g., Blömeke et al.
2008; Renkl 1996). Accordingly, declarative knowledge
cannot be retrieved and applied in real classroom situations. Instead, unexamined beliefs based on personal
experience as a student, trainee, or teacher often determine practical action.

Research questions
The overall goal of this study, in addition to investigating the content-related facets of professional knowledge
on evolution (i.e., CK and PCK), was to capture generic
knowledge (i.e., PK) in order to gain deeper insights
into the complex diagnostic activities of biology trainee
teachers. Therefore, the selected facets of professional
knowledge were operationalized with virtual student
exams and transferred into a digital instrument—the Student Inventory (SI). The SI allowed us to experimentally
vary different information within a virtual student exam
and, based on this, to analyze trainee teachers’ diagnostic activities in different facets of the trainee teachers’
generic as well as biology-specific professional knowledge. Another strength of the SI is that it ensured that
each trainee teacher received the accurate variation in
a standardized way, resulting in high implementation
fidelity. We integrated virtual student exams on evolution into the SI, which each presented a multiple-choice
performance and a written answer. In order to assess the
students’ written answers, biology trainee teachers had
to apply their knowledge about the core ideas and principles of evolution (facet of CK) and their knowledge about
student understanding (facet of PCK) to assess scientific
quality as well as potentially existing misconceptions. To
arrive at adequate diagnoses within the virtual student
exams, that is, to include only relevant information in
the assessment, trainee teachers needed their knowledge
about judgment accuracy (facet of PK). The facets of professional knowledge needed to assess the virtual student
exams were conceptualized as procedural knowledge,
because the trainee teachers had to apply their knowledge in a specific action-related situation, that is, during
their assessment of the virtual student exams (Förtsch
et al. 2018; Kaiser et al. 2015). Additionally, we examined
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whether declarative knowledge, assessed in a short questionnaire about knowledge of evolution, influenced the
procedural knowledge surveyed in the SI (see Fig. 1).
One facet of the CK knowledge domain is the knowledge about the core ideas and principles of evolution
(Großschedl et al. 2015). This facet of CK had to be
applied by the trainee teachers in order to assess the scientific quality of the students’ written answers, which
meant differentiating between scientifically correct and
scientifically incorrect explanations.
RQ 1: To what extent are trainee teachers able to
distinguish scientifically correct from scientifically
incorrect students’ written answers on the evolutionary process of natural selection in the SI? (i.e.,
knowledge about the core ideas and principles of
evolution – facet of CK; procedural knowledge).
Knowledge about student understanding is, according to many studies in science education, a central facet
of PCK (e.g., Förtsch et al. 2018; Hill et al. 2008; Lee and
Luft 2008; Mahler et al. 2017; Park and Oliver 2008). This
facet of PCK enables the trainee teachers to identify specific misconceptions about evolution in the virtual students’ written answers.
RQ 2: To what extent are trainee teachers able to
diagnose misconception categories (i.e., anthropomorphic or teleological) in the students’ written
answers on the evolutionary process of natural selection in the SI? (i.e., knowledge about student understanding – facet of PCK; procedural knowledge).
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Educational psychological research has described
numerous judgment errors made by teachers that contribute significantly to the distortion of judgment accuracy. The knowledge about judgment accuracy (facet of
PK) is therefore necessary in order for teachers to make
accurate judgments (e.g., Jansen et al. 2019, 2021; Kaiser et al. 2015; Schrader 2006; Vögelin et al. 2019). Studies have already shown that teachers have problems in
assessing relevant performance without including previously shown performance, which should actually be
assessed independently. (Malouff and Thorsteinsson
2016; Oudman et al. 2018). Thus, the quality of an answer
in a previous task within an exam can have an impact
on the assessment of the quality of a subsequent answer.
However, only achievement-relevant information should
be considered, that is, in the present study, performance
in a student’s written answer on the natural selection of
the peppered moth. Any influence of a previous performance in a multiple-choice test on evolution can be seen
as causing bias as the previous performance is achievement-irrelevant information.
RQ 3: To what extent does achievement-irrelevant
information (previous performance) influence the
diagnosis of subsequent performance (achievementrelevant information) and lead to judgment errors
among trainee teachers? (i.e., knowledge about judgment accuracy – facet of PK; procedural knowledge).
In psychological approaches, two types of knowledge
have been identified, which differ in their applicability

Fig. 1 An overview of the investigated knowledge types, knowledge domains, and knowledge facets, as well as the operationalization within the SI
and related research questions
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to different situations (e.g., Fenstermacher 1994; König
et al. 2014). Knowledge that is necessary for answering
questions in a questionnaire is operationalized as factual
knowledge and is thus assigned to declarative knowledge
(Baumert and Kunter 2013). However, if knowledge is
involved in a specific context of action, which is the case
when assessing students’ written answers in the SI, it is
operationalized as procedural knowledge (Schneider and
Stern 2010).
RQ 4: Which first indications of the interrelationship can be observed between the trainee teachers’
declarative knowledge (i.e., facets of professional
knowledge, which are surveyed in a questionnaire on
evolution) and their procedural knowledge (i.e., facets of professional knowledge surveyed in the SI)?

Method
Sample

The SI was completed by 27 in-service trainee teachers
(N = 27; 22% male). In Germany, the teacher education
program is divided into university education (i.e., bachelor’s and master’s degree; first state exam) and in-service training (second state exam). The university teacher
education encompasses three and a half to 5 years and
focuses on the development of CK, PCK, and PK. Within
this time, there are short practical phases in schools,
which last between 2 and 5 months (KMK 2014). In our
study, the trainee teachers had already attended lectures
and courses that explicitly teach CK, that is, knowledge
about the core ideas and principles of evolution, PCK,
that is, knowledge about student understanding, and PK,
that is, knowledge about judgment accuracy. The in-service training takes 18 months to 2 years and encompasses
the teaching of a regular school class, which is guided
by mentors (Neumann et al. 2017). All of the in-service
trainee teachers in our sample aspired to a teaching
qualification for academic track secondary schools (i.e.,
Gymnasium) in the federal state of Schleswig–Holstein
(Germany) and studied biology as one of their teaching subjects. On average, the trainee teachers were 29.3
(SD = 4.8) years old.
The Student Inventory (SI)

The SI is a digital instrument that can be used with a web
browser and allows a split-screen on the PC monitor.
This provides a multitasking function, where, for example, virtual student exams can be read on one side and an
evaluation of the student exams can simultaneously be
made on the other side. Hereby, the SI differs substantially from a regular questionnaire. The SI was developed
by Kaiser et al. (2015) and was initially used exclusively
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for research in the field of educational psychology to
measure the judgment accuracy of pre-service, trainee, or
in-service teachers with regard to the assessment of student exams or separate tasks in mathematics. Therefore,
the SI systematically combines achievement-relevant
information with achievement-irrelevant information
within student exams and investigates how these types
of information influence judgment accuracy. For example, if student performance is to be accurately assessed,
oral and written performances shown in the lesson may
be considered relevant to achievement. Other information should not be included in an accurate performance
judgment and is therefore described as being irrelevant
to achievement. Many studies have already examined the
influence of student characteristics that are not relevant
to judgment on teachers’ judgments of student performance (e.g., Schrader and Helmke 1990; Ritts et al. 1992;
Ready and Wright 2011). Kaiser et al. (2015) used the SI
to investigate the judgment accuracy of trainee teachers;
the teachers gave the virtual students simple mathematics exercises (addition, subtraction, multiplication, and
division) and received either correct or incorrect answers
(information relevant to achievement). Additionally, the
trainee teachers received achievement-irrelevant information about each virtual student (grade in a German
test, intelligence, self-concept, family background, and
gender). Kaiser et al. (2015) were able to show that the
achievement-irrelevant information German grade, intelligence, and gender (female) had a positive effect on the
assessment of mathematics performance and thus biased
the accuracy of judgments. Based on the same theoretical framework, a study by Jansen et al. (2019, 2021) that
used the SI with pre-service teachers investigated, among
other things, the extent to which students’ gender or an
immigrant background (achievement-irrelevant information) influenced the assessment of students’ English
essays. Experimental variation in achievement-relevant
(essay quality) and achievement-irrelevant (gender, immigrant background) information showed no effect on the
assessment accuracy of the English essays. In both studies, it was the teachers’ task to diagnose and evaluate
the achievement-relevant information. The comparison
of the real performance of the students with the performance diagnosed by the teachers provided information
on whether an accurate judgment was made or a bias in
the judgment occurred due to the achievement-irrelevant
information (Kaiser et al. 2017). In the above-mentioned
studies, the construct to be investigated was the knowledge about judgment accuracy, whereby initial aspects
of content (i.e., professional judgment of English essays)
were also considered (Vögelin et al. 2018).
We used the SI on the diagnostic competence of preservice, trainee, and in-service teachers, which was
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developed by Kaiser et al. (2015) and used to investigate
educational psychological research questions (Jansen
et al. 2019, 2021). We adapted it for our purposes to
measure the generic knowledge about judgment accuracy (i.e., diagnosis of achievement-relevant information; facet of PK) and, simultaneously, biology-specific
facets of professional knowledge such as the knowledge
about the core ideas and principles of evolution (i.e.,
diagnosis of scientific correctness; facet of CK) and the
knowledge about student understanding (i.e., diagnosis
of specific misconception categories; facet of PCK). Similar to the psychological studies, we also experimentally
varied achievement-relevant with achievement-irrelevant information within virtual student exams in the SI.
As achievement-relevant information, students’ written
answers on the natural selection of the peppered moth
were integrated. The previous performance in a multiplechoice test on evolution was presented as achievementirrelevant information. The trainee teachers’ task was to
assess the written answers of the virtual students without
being influenced by the multiple-choice test performance
previously achieved by the students.
As achievement-relevant information within the virtual student exams, six students’ written answers were
produced, which either were scientifically correct or
expressed a specific misconception (i.e., anthropomorphic or teleological). The students’ written answers are
available in English as Additional file 1. The misconceptions articulated in the students’ written answers were
based on explanations from real students (Baalmann
et al. 2004) and were modified for the SI. For reasons of
homogeneity, all students’ written answers were based
on the Toulmin Argument Pattern (Toulmin 2003) and
were tailored to the same length (115 words). The qualities of the written answers (i.e., anthropomorphic, teleological, or scientifically correct) were evaluated by three
independent experts and resulted in an inter-rater agreement of 94%. According to AERA et al. (2014), this result
can be interpreted as an indicator of content validity and
gives an indication of the fit between the test items (i.e.,
the students’ written answers) and the theoretical construct (i.e., the knowledge about the core ideas and principles of evolution: facet of CK; knowledge about student
understanding: facet of PCK). Thus, the students’ written
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answers clearly expressed a specific category of misconception or a scientifically correct explanation, and we
were able to assume that the students’ written answers
could be applied as a measure of the trainee teachers’
diagnostic knowledge about the core ideas and principles
of evolution (facet of CK) and knowledge about student
understanding on evolution (facet of PCK). To investigate
a possible judgment bias (knowledge about judgment
accuracy, facet of PK; see above), students’ performance
on a multiple-choice test on evolution (bad or good performance) was integrated into the virtual student exams
as achievement-irrelevant information (see Table 1). This
performance had already been completed by the students
and only needed to be noticed by the trainee teachers.
The multiple-choice test on evolution was a separate task
in the virtual student exams, so student performance
shown in it should actually not affect the scoring of the
further task (i.e., students’ written answers on the natural
selection of the peppered moth). The diagnostic activities on the facets of knowledge about the core ideas and
principles of evolution (facet of CK), knowledge about
student understanding of evolution (facet of PCK), and
knowledge about judgment accuracy (facet of PK) were
related to procedural knowledge according to psychological approaches (e.g., Fenstermacher 1994), because
diagnostic knowledge had to be applied in an explicit situation (i.e., assessing students’ exams; Förtsch et al. 2018;
Kaiser et al. 2015).
Assessment of declarative and procedural knowledge
with the SI

In order to get first indications about the interrelationship between the declarative and procedural knowledge of trainee teachers about the facets of professional
knowledge on evolution, we additionally integrated a
short questionnaire with evolution-specific questions
into the SI. This questionnaire on evolution consisted of
12 items, of which seven items were assigned to the CK
domain and five items to the PCK domain. The items
were taken from questionnaires previously used in other
studies (KiL: Kleickmann et al. 2014; ProwiE: Großschedl
et al. 2015). Two translated items are available in Additional file 2. In the domain of CK, questions were asked
about speciation, adaptation, and different evolutionary

Table 1 Scheme of the variation of qualities of students’ written answers and of the students’ performance
in the multiple-choice test in the SI
Performance in the multiplechoice test

Quality of written answers

Multiple-Choice: Good

2 exams per variation (i.e., a total of 12 examinations)

Multiple-Choice: Bad

Teleological

Anthropomorphic

Scientifically correct
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theories (Darwin, Lamarck). The PCK items focused on
the reasons for misconceptions among students and the
diagnosis of specific categories of misconceptions (e.g.,
anthropomorphic and teleological misconceptions). The
knowledge required to answer the questions was classified as declarative knowledge because it is considered to
be part of expert knowledge, which is explicit and learnable in academic discourse (Baumert and Kunter 2013).
The psychometric characteristics of the questionnaire
on evolution (CK, PCK) were satisfactory (Cronbach’s
α = 0.63). The aim was not to analyze the separate knowledge facets of CK and PCK, but to reveal the declarative knowledge of the trainee teachers. Accordingly, we
considered the entire scale of items and we operationalized the results as the declarative professional knowledge of trainee teachers on evolution integrating the
respective CK and the PCK. The teachers’ diagnoses of
the students’ written answers in the SI were operationalized as the procedural knowledge of the trainee teachers
because, here, knowledge had to be applied in an explicit
action-oriented situation (i.e., assessing students’ written
answers; Förtsch et al. 2018; Kaiser et al. 2015; Schneider
and Stern 2010).
Procedure

The trainee teachers needed approximately 60 min to
complete the SI. At the beginning of the survey, the
trainee teachers received short instructions on the SI.
Each trainee teacher received six randomly selected virtual student exams. Each exam included the student’s
previous performance in the multiple-choice test about
evolution (achievement-irrelevant information) and
a written answer by the student on the natural selection of the industrial melanism of the peppered moth
(achievement-relevant information), which included a
misconception or a scientifically correct way of thinking. For an overview of a virtual student exam in the SI,
see Additional file 3. The performance in the previous
multiple-choice test had already been assessed (good or
bad multiple-choice performance) and was given to the
trainee teachers without further information. Here, the
trainee teachers only had to add up the points in the
multiple-choice test to receive the final result for each
student. If the students achieved 12 out of 20 points, this
indicated a bad multiple-choice performance, whereas
19 out of 20 points indicated a good multiple-choice
performance. The main task of the trainee teachers was
to evaluate the students’ written answers, whereby two
written answers were scientifically correct and four written answers contained a misconception (i.e., two anthropomorphic and two teleological). A further task of the
trainee teachers was to make sure that the students’ written answers were assessed independent of the previous
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performance (i.e., multiple-choice test). The evaluation
of the students’ written answers included a scoring (i.e.,
between 0 and 20 points) and the diagnosis of the quality out of a list including five options (qualities used:
anthropomorphic, teleological, scientifically correct; distractors: essential, religious). After the six exams of the
students had been assessed by the trainee teachers, the
trainee teachers completed a questionnaire in which their
knowledge about the core ideas and principles of evolution (facet of CK; seven items) and their knowledge about
student understanding (facet of PCK; five items) with
regard to evolution was measured. Finally, the demographic information of the trainee teachers (e.g., age, gender, course of study, teaching experience) was recorded
before the study was completed.
Analyses

Within the student exams, the achievement-relevant
information (i.e., quality of students’ written answers)
was randomly combined with the achievement-irrelevant
information (i.e., previous performance in the multiplechoice test), so that each quality type of written answer
was combined with each performance in the multiplechoice test. The design was a fully crossed 2 × 3 design.
This resulted in two independent variables (IV): (1) the
quality (i.e., anthropomorphic, teleological, or scientifically correct) and (2) performance in the multiple-choice
test (i.e., good or bad performance). The dependent
variables (DV) were: (1) the trainee teachers’ contentspecific knowledge in the different facets of professional
knowledge (i.e., diagnosis of the scientific correctness,
facet of CK; diagnosis of specific misconceptions, facet
of PCK) and (2) the trainee teachers’ content-independent facet of professional knowledge (i.e., assessment of
achievement-relevant information, facet of PK). A total
of 162 student exams were included in the analysis (i.e.,
27 trainee teachers who each had to assess six student
exams). Relative frequencies in the diagnosis of scientific
correctness and of the misconception category provided
information about the biology-specific facets of professional knowledge within the CK (refers to RQ 1) and
PCK domains (refers to RQ 2). The analysis of variance
provided evidence of whether students’ previous performance in a multiple-choice test on evolution (achievement-irrelevant information) influenced the assessment
of the students’ written answers (achievement-relevant
information) within the virtual student exams (refers to
RQ 3). Correlation analyses were used to obtain first indications about the interrelationship between the declarative knowledge (the trainee teachers’ performance in the
questionnaire) and the procedural knowledge (the trainee
teachers’ diagnosis of the students’ written answers) of
trainee teachers (refers to RQ 4).
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Results
Research question 1: the CK of trainee teachers

The trainee teachers were able to distinguish between
scientifically correct (90.8% diagnosis rate) and scientifically incorrect (91.7% diagnosis rate) students’ written
answers. Accordingly, the analyses of variance revealed
a significant main effect of the quality of students’ written answers (F[2,25] = 78.65, p < 0.001, η2 = 0.863; big
effect), which means that scientifically correct written
answers were scored higher than written answers with a
misconception.
Research question 2: the PCK of trainee teachers

Within the scientifically incorrect students’ written
answers, 61.1% of the anthropomorphic misconceptions and 27.8% of the teleological misconceptions were
correctly diagnosed. Overall, the trainee teachers correctly diagnosed 44.4% of the misconceptions into the
respective misconception category. The results thus
indicate a significant difference between the diagnosis of scientifically correct written answers and written
answers that expressed a specific misconception category
(x2[1] = 43.29, p < 0.001, φ = 0.517).
Research question 3: the PK of trainee teachers

The study indicates a significant main effect of the
previous performance in the multiple-choice test
(F[1,26] = 5.94, p < 0.022, η2 = 0.186; small effect; see
Fig. 2) on the judgment of the students’ written answers.
This means that scientifically correct students’ written

Fig. 2 Main effect of the previous performance in the multiple-choice test
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answers that were combined with a good multiple-choice
performance received a higher score (M = 18.63,
SD = 1.80, Min = 15.00, Max = 20.00) than students’
written answers of the same quality that were combined
with a bad multiple-choice performance (M = 18.00,
SD = 2.40, Min = 12.00, Max = 20.00). Similar results
were obtained for students’ written answers with teleological misconceptions (good multiple-choice performance: M = 9.78, SD = 4.73, Min = 0.00, Max = 19.00;
bad multiple-choice performance: M = 7.81, SD = 3.25,
Min = 2.00, Max = 14.00). Students’ written answers with
anthropomorphic misconceptions received, on average,
the same scores, regardless of the multiple-choice performance (good multiple-choice performance: M = 7.19,
SD = 4.28, Min = 2.00, Max = 16.00; bad multiplechoice performance: M = 7.19, SD = 3.94, Min = 0.00,
Max = 16.00). No interaction effect was found between
previous performance in the multiple-choice test and
quality of the written answers (F[2,25] = 0.234, p < 0.05,
ns).
Research question 4: the PK of trainee teachers

The correlation between the trainee teachers’ performance in the questionnaire and the diagnosis given in the
CK domain (diagnosis of scientifically correct and scientifically incorrect students’ written answers) revealed
a strong effect (r = 0.631, p < 0.001). A moderate effect
(r = 0.499, p < 0.008) was observed between the performance in the questionnaire and the diagnosis of the specific misconception category (PCK).
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Discussion
The present study examined different facets of the professional knowledge of trainee teachers, specifically their
knowledge of the core ideas and principles of evolution
(facet of CK), their knowledge about student understanding (facet of PCK), and their knowledge about judgment
accuracy (facet of PK). The trainee teachers used a digital
instrument—the SI—to assess virtual student exams on
evolution in biology. We used students’ biology exams
to combine achievement-relevant information (i.e., students’ written answers with different quality levels: scientifically correct, anthropomorphic, teleological) with
achievement-irrelevant information (previous performance in a multiple-choice test on evolution: good or
bad performance). This experimental setting allowed us
to investigate the trainee teachers’ diagnosis in the facet
of CK (i.e., diagnosis of scientific correctness), the facet
of PCK (i.e., diagnosis of a specific misconception), and
the facet of PK (i.e., diagnosis of achievement-relevant
information). Based on a questionnaire, we were able
to obtain first indications about the interrelationship
between declarative and procedural knowledge.
The results show that trainee teachers were able to
distinguish between scientifically correct and scientifically incorrect written answers in student exams. The
diagnosis rate of both quality levels was over 90%. The
assessment accuracy of the scientific quality level provided an indication of the trainee teachers’ CK, which
includes the knowledge facet of diagnosing the core ideas
and principles of evolution (Großschedl et al. 2015).
Research has shown that CK alone is not sufficient to
ensure adaptive learning and the learning success of students (e.g., Abell 2007; Baumert et al. 2010; Förtsch et al.
2018). Diagnosing specific misconceptions about evolution requires knowledge about student understanding
(facet of PCK) from trainee teachers and can be helpful
in providing insights into the origin of unexamined and
scientifically incorrect student answers. Trainee teachers
diagnosed 44.4% of the specific misconception categories (i.e., anthropomorphic or teleological) in the student
exams. Overall, this low diagnosis rate of misconceptions
reveals a lack of the important facet of PCK, the knowledge about student understanding, among trainee teachers. These findings are in line with previous research that
even college students have problems in understanding
evolutionary concepts (Alters and Nelson 2002). The
diagnosis of teleological misconceptions (diagnosis rate:
27.8%) was significantly less frequent than that of anthropomorphic misconceptions (diagnosis rate: 61.1%).
Moreover, when a student’s written answer with a teleological misconception was diagnosed, trainee teachers
rated this student’s written answer better (i.e., a higher
overall score) than a student’s written answer with an
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anthropomorphic misconception. A study by Zohar et al.
(1998) revealed that most high school students reason
about biological phenomena with a mixture of teleological and causal reasoning. This reasoning is based on the
tendency of humans to explain natural phenomena causally (e.g., Olander 2012). Consequently, processes that are
explained on the basis of a goal- and purpose-oriented
explanation are more likely to be accepted and may also
be diagnosed less frequently as being scientifically incorrect by trainee teachers (e.g., Gregory 2009; Gresch and
Martens 2019). The acceptance of teleological misconceptions manifests itself not only in the use of everyday
language but also in unconscious actions in the classroom. This leads to teleology being an obstacle to understanding and explaining evolutionary processes (e.g.,
Evans et al. 2012; Kampourakis and Zogza 2008; Kelemen
2012; Sinatra et al. 2008). In contrast, trainee teachers
scored students’ written answers with anthropomorphic
misconceptions significantly lower than students’ written
answers with teleological misconceptions. These findings
indicate that trainee teachers consider anthropomorphic
misconceptions to be more scientifically incorrect. The
results of our study also confirm previous research that
revealed that teachers often use teleological and anthropomorphic misconceptions to explain evolutionary
processes (e.g., Kallery and Psillos 2004). The enormity
of the challenge facing biologists and educators to diagnose the widespread misconception of natural selection
is matched only by the importance of this task (Gregory
2009).
Independent of the articulated misconceptions, students’ previous performance (i.e., performance in the
multiple-choice test) influenced teachers’ assessments
of the students’ written answers and revealed a lack of
judgment accuracy (i.e., a halo effect). Thus, the students’
written answers were rated higher if the corresponding performance in the previous multiple-choice test
was good, indicating a judgment error (based on their
PK; e.g., Südkamp et al. 2012). Achievement-irrelevant
information was not directly related to performance but
was often taken into account by teachers when assessing student performance, as shown in some previous
studies (e.g., Ready and Wright 2011; Ritts et al. 1992;
Schrader and Helmke 2001). This judgment error has also
been reported in other studies that used the SI with preservice, trainee, and in-service teachers in English and
mathematics (Jansen et al. 2019, 2021; Kaiser et al. 2015).
To the best of our knowledge, our results are the first to
provide an indication that the halo effect also occurs in
trainee teachers of biology. These results are particularly relevant because they show that, even after completing university education in biology, trainee teachers
with bachelor’s or master’s degrees are influenced by
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achievement-irrelevant information that distorts their
judgments.
The present study provides first indications of the
extent to which declarative knowledge (i.e., performance
in a questionnaire on evolution) and procedural knowledge (i.e., diagnosis of scientific correctness or of specific misconceptions in students’ written answers on
natural selection) are interrelated among trainee teachers. Our results indicate that knowledge on evolution
that is gained in the academic career can be transferred
into specific action-oriented situations (e.g., assessing
students’ written answers on natural selection) and can
generate procedural knowledge (Blömeke et al. 2010).
Especially in the context of the theory of evolution, it is
important to focus on and promote the proceduralization of declarative knowledge in university teacher education. In the future, further digital systems could offer
new opportunities to investigate and close the existing theory–practice gap (e.g., Grossman and McDonald
2008). This may help to prepare pre-service teachers for
the complexity of future classroom situations and to foster procedural knowledge on evolution.
In summary, natural selection is a key mechanism
of modern evolutionary theory, which – in turn – is
the connecting theme of all biology topics. Without
a sophisticated understanding of this process and its
consequences, it is simply impossible to even remotely
understand the diversity of life. Thus, professional knowledge on evolution that is conveyed in university education must be focused in order to build an adequate
knowledge base among pre-service teachers and, ultimately, to support students’ learning of the concept of
evolution.
Limitations

The SI we used presented students’ written answers that
dealt with the natural selection of the peppered moth and
that contained various misconceptions and scientifically
correct ways of thinking. Research shows that, depending on the biological organism (bacteria, plant, animal, or
human), different misconceptions have a different probability of occurrence. As we used only texts on a zoological organism in the SI, we were not able to capture these
dependencies.
Numerous misconceptions that can hinder the teaching and learning of evolution have been described in scientific research (e.g., Bishop and Anderson 1990; Gregory
2009; Settlage 1994; Nehm and Schonfeld 2008). In our
study we applied just two common misconceptions (i.e.,
anthropomorphic and teleological misconceptions)
that teachers often use to explain the process of natural
selection.
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The SI was processed by trainee teachers who had completed their university education, which mainly focuses
on the development of declarative CK, PCK, and PK,
with the exception of short phases of practice in which
procedural knowledge can be applied. Independent of the
short practical training in the first phase of the teacher
education program, the in-service teacher training program gives the trainee teachers the opportunity to gain
in-depth teaching experience for the first time. Accordingly, it can be assumed that trainee teachers had not yet
had much time to apply and train the declarative knowledge domains of PCK and PK in action-related situations
(Blömeke et al. 2008). A sample of experienced teachers who have several years of practical experience could
therefore lead to different results, which could indicate,
for example, higher knowledge of student understanding (facet of PCK; Clermont et al. 1994; Grossmann 1990;
Lederman et al. 1994; Schmelzing et al. 2013; van Driel
et al. 2002) and generally more accurate judgments (facet
of PK; Blömeke et al. 2015; Edelenbos and Kubanek-German 2004; Jansen et al. 2019, 2021).
Implications for further research and practical implications

The professional knowledge and the related diagnostic activities of pre-service and trainee teachers remain
key aspects in biology education research. Education
in schools as well as the university education of future
teachers must place great importance on the theory
of evolution in order to increase the awareness of the
numerous misconceptions, as our results indicate that
teachers face problems in dealing with their own misconceptions, which are actually similar to those of high
school students (Demastes et al. 1995).
Misconceptions have been intensively researched
(Gregory 2009). However, few studies have conceptualized which follow-up actions (e.g., cognitive conflict)
are required to confront misconceptions (e.g., Demastes
et al. 1995). Further research should focus on what action
should be taken after the diagnosis of misconceptions.
Here, the second facet of PCK, which contains knowledge about instructional strategies, is relevant. These
instructional strategies can, depending on the diagnosed misconception, initiate and support the learning
of the scientific concept (e.g., Ziadie and Andrews 2018).
To counter students’ misconceptions about evolution,
the conceptual change theory, for example, is a suitable approach (Demastes et al. 1995). Here, conceptual
change is described as the learning process from preinstructional conceptions to the acquisition of scientific
concepts (Heitz et al. 2010).
Initial analyses indicate a correlation between the
declarative and procedural knowledge of trainee
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teachers. However, the extent to which declarative
knowledge (i.e., performance in a questionnaire) is
related to procedural knowledge (i.e., action-oriented
knowledge) remains unclear. Therefore, further analyses should be conducted with more extensive questionnaires (i.e., with additional items) in order to gain a
deeper insight into the interrelationships between the
different types of knowledge. This could be achieved by
using digital instruments, such as simulated classroom
environments. The results obtained from such analyses
might help to reveal deficits in university teacher education and to indicate which specific contexts need to
be targeted to bring declarative knowledge into actionoriented situations and to thereby generate procedural
knowledge.
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