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Abstract
Scientific reasoning competencies are highlighted in science education policy papers and
standard documents in various countries around the world and pre-service science teachers
are asked to develop them during teacher training as part of their professional competencies. In
order to monitor the development of pre-service science teachers’ scientific reasoning compe-
tencies during their course of studies and to enable evidence-based improvements of teacher
training, instruments for the assessment of scientific reasoning competencies are needed.
However, studies propose that the validity of most instruments for assessing scientific reason-
ing competencies available so far can be questioned. This study presents an English translation
of an already developed German multiple-choice instrument to assess pre-service science
teachers’ scientific reasoning competencies. A sample of N = 105 Australian pre-service
science teachers participated in this study by answering the translated instrument. Quantitative
(differential item functioning, Mantel–Haenszel statistic) and qualitative (think-aloud
protocols) analyses provide validity evidence for the translated instrument. Furthermore, the
interpretation of the data as an indicator for the participating Australian pre-service science
teachers’ scientific reasoning competencies suggests that there is a need for a more explicit
emphasis on scientific reasoning in Australian science teacher training.

Keywords Scientific reasoning competencies . Pre-service science teachers . Assessment .

Test equivalence . Differential item functioning

Introduction

As highlighted in science education policy papers in various countries, science education
is vital to Bpromote a culture of scientific thinking and inspire citizens to use evidence-
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based reasoning for decision making^ (European Commission 2015, p. 14). The contri-
bution of science education to develop a society of responsible citizenship was already
highlighted in 1966 by the Educational Policies Commission in the United States (p. 16):
BWhat is being advocated here is not the production of more physicists, biologists, or mathe-
maticians, but rather the development of persons whose approach to life as a whole is that of a
person who thinks—a rational person^ (cf. Lawson 2004). Ever since this has been recognized,
the development of abilities related to science and scientific reasoning as well as an understand-
ing of the nature of science is seen as central to enable democratic co-determination in science-
and technology-based societies (cf. Driver et al. 1996; Krell et al. 2015a; Lawson 2004) and
scientific reasoning competencies (SRC) are seen as summarizing core elements of twenty-first-
century skills (Osborne 2013). Consequently, SRC are highlighted in science education policy
papers and standard documents in various countries (cf. NGSS Lead States 2013; KMK 2005;
VCAA 2016a) and pre-service science teachers are expected to develop them during teacher
training as part of their professional competencies (Großschedl et al. 2015; Hartmann et al. 2015;
Justi and van Driel 2005; Kleickmann and Anders 2013).

In order to monitor the development of pre-service science teachers’ SRC during their
course of studies and to enable evidence-based improvements of teacher training, valid
instruments for the assessment of these competencies are needed. However, studies propose
that the validity of most instruments for assessing SRC available so far can be questioned
(Opitz et al. 2017; Osborne 2013). Therefore, and taking the importance of SRC for science
education into account, Osborne (2013) calls the development of instruments for assessing
SRC Bthe 21st century challenge for science education.^

The present study contributes to this issue by translating a German multiple-choice
instrument for assessing pre-service teachers’ SRC into English and, by doing so, making it
available for use by a broader audience. The original instrument has been evaluated exten-
sively considering various sources of validity evidence (e.g., Hartmann et al. 2015; Mathesius
et al. 2018a, b; Stiller et al. 2016), what, taking the criticism on available instruments into
account (Opitz et al. 2017; Osborne 2013), can be seen as a distinguishing quality criterion.
More precisely, the present study provides evidence for the valid interpretation of the translated
instrument’s scores as measures of pre-service teachers’ SRC and exemplifies its application
by measuring a sample of Australian pre-service science teachers’ SRC.

Scientific Reasoning Competencies

SRC are understood as a complex construct, which encompass the abilities needed for
scientific problem solving as well as to reflect on this process at a meta-level (Lawson
2004; Morris et al. 2012). This includes cognitive processes such as encoding, strategy
development, and retrieval (Morris et al. 2012), as well as the application of content
knowledge (knowing that), procedural knowledge (knowing how), and epistemic knowl-
edge (knowing why) for problem solving (Kind and Osborne 2017). Content knowledge
is understood as knowledge of the domain-specific concepts, procedural knowledge as
understanding of scientific procedures and strategies, and epistemic knowledge as
knowledge about science and its procedures (Lawson 2004; Morris et al. 2012;
Osborne 2013, 2014; White et al. 2011). These knowledge types correspond with three
goals of science education highlighted by Hodson (2014): learning science (content
knowledge), learning about science (epistemic knowledge), and doing science (proce-
dural knowledge).
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Kind and Osborne (2017) further distinguish between six styles of scientific reasoning, each
with specific sets of ontological, procedural, and epistemic resources needed for reasoning:
mathematical deduction, experimental evaluation, hypothetical modeling, categorization and
classification, probabilistic reasoning, and historical-based evaluation. The authors argue that
the six styles of reasoning offer a comprehensive schema for the construct of scientific
reasoning. Most approaches to operationalize scientific reasoning in science education research
focus on one or some of the six styles, for example on modeling (cf. Heijnes et al. 2017; Krell
et al. 2017) or experimentation and evidence evaluation (cf. Schauble et al. 1991; van der Graaf
et al. 2016). Therefore, Kind and Osborne (2017) identify a lack of clarity and consistency that
is related to the construct scientific reasoning in science education research (cf. Opitz et al.
2017). Hence, it is critically important to provide a clear working definition of scientific
reasoning and to precisely describe which skills are to be assessed in empirical studies.

The focus of this study is on those two styles of reasoning which are most established in
science education research: experimental evaluation and hypothetical modeling (cf. Heijnes
et al. 2017; Krell et al. 2017; Schauble et al. 1991; Upmeier zu Belzen and Krüger 2010; van
der Graaf et al. 2016; Windschitl et al. 2008). For the operationalization of scientific reasoning
competencies in this study, a theoretical framework (Table 1) is used which was developed by
combining existing frameworks about scientific reasoning (Mayer 2007) and scientific model-
ing (Upmeier zu Belzen and Krüger 2010). In this framework, the two sub-competencies
conducting scientific investigations and using scientific models are distinguished, each
encompassing different skills (Table 1). The framework describes conducting scientific inves-
tigations as including scientific experimentation (exploration of causal relationships) and
observation (exploration of correlational relationships; Mathesius et al. 2016) and, thus, is
broader than experimental evaluation (Kind and Osborne 2017), while using scientific models
is also understood in a broader sense than hypothetical modeling described by Kind and
Osborne (2017).

Competencies can be defined as Bcontext-specific cognitive dispositions that are acquired
by learning and needed to successfully cope with certain situations or tasks in specific
domains^ (Klieme et al. 2008, p. 9). Weinert (2001) additionally distinguishes between
competencies and skills by proposing to use the term competencies to describe dispositions
needed to master tasks with a sufficient degree of complexity, whereas the term skills relates to
less complex dispositions. Hence, competencies are Binterpreted as a roughly specialized
system of individual […] skills that are necessary or sufficient to reach a specific goal^
(Weinert 2001, p. 45). This approach of competencies as a system of skills is also applied in
several other studies related to the assessment of competencies in educational contexts (e.g.,
Frey 2006; Krell 2017; Mathesius et al. 2016). However, in this approach, Bthe boundary
between skill and competencies is fuzzy^ (Weinert 2001, p. 62).

Table 1 Theoretical framework of this study, including the sub-competencies conducting scientific investigations
and using scientific models (Hartmann et al. 2015; Mathesius et al. 2016)

Scientific reasoning competencies

Sub-competencies Conducting scientific investigations Using scientific models
Skills Formulating questions Judging the purpose of models

Generating hypotheses Testing models
Planning investigations Changing models
Analyzing data and drawing conclusions
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Following these theoretical approaches (Frey 2006; Klieme et al. 2008; Weinert 2001), it
has been assumed that the seven skills formulating questions, generating hypotheses, planning
investigations, analyzing data and drawing conclusions, judging the purpose of models,
testing models, and changing models are necessary to successfully conduct scientific investi-
gations and use scientific models (Hartmann et al. 2015; Mathesius et al. 2016).

Scientific Reasoning Competencies in Science Education and Science Teacher
Education

SRC are highlighted in science education policy papers and standard documents in various
countries around the world (e.g., NGSS Lead States 2013; KMK 2005; VCAA 2016a). It is
assumed that advanced SRC enable democratic co-determination in modern societies and
support understanding of science concepts (cf. Driver et al. 1996; Schwarz and White 2005;
Thompson et al. 2017). Osborne (2013) further argues that economic needs are one driving
force for the integration of SRC in science education standard documents, since they are
seen—for example in the PISA studies—as an indicator for the societies’ future economic
competitiveness (cf. Hanushek and Woessmann 2011; OECD 2010).

As a consequence of the importance of SRC as a learning goal for science education, these
competencies are also seen as a goal in science teacher education (Capps and Crawford 2013;
Hartmann et al. 2015; Krell and Krüger 2015; Mathesius et al. 2016). In general, teachers’
professional competencies encompass (1) professional knowledge; (2) beliefs, values, and
goals; (3) motivational orientations; and (4) self-regulation (Baumert and Kunter 2013).
Following Shulman (1986), professional knowledge can further be subdivided into ped-
agogical knowledge (PK), content knowledge (CK), and pedagogical content knowledge
(PCK). For science teachers, CK includes epistemic knowledge (Kind and Osborne 2017)
related to scientific reasoning; SRC, as the disposition to apply this knowledge for
problem solving in scientific contexts, are part of science teachers’ professional compe-
tencies (Capps and Crawford 2013; Großschedl et al. 2015; Hartmann et al. 2015; Justi
and van Driel 2005; Krell and Krüger 2015; Mathesius et al. 2016).

Hence, pre-service science teachers are expected to acquire epistemic knowledge and to
develop SRC during their teacher training (Hartmann et al. 2015; Kleickmann and Anders
2013). Evidence from empirical studies suggest that advanced epistemic knowledge may
enhance the teaching practice of science teachers (e.g., Capps and Crawford 2013; Krell and
Krüger 2015). Consequently, SRC are emphasized in standard documents for science teacher
education in many countries around the world (cf. Pedersen et al. 2017).

Assessing Scientific Reasoning Competencies

As a consequence of the importance of SRC for science education, the development of
instruments for assessing SRC has become an integral part of science education research
(Opitz et al. 2017; Osborne 2013; Stiller et al. 2016). Osborne (2013) identifies the develop-
ment of instruments for assessing SRC as a core challenge for science education research since
assessment instruments may contribute to transform science education for the needs of the
twenty-first century. More precisely, Osborne (2013) argues (1) that building assessment
instruments helps to clearly operationalize constructs and to communicate the idea of a
curriculum, (2) that teachers tend to focus their teaching on constructs that are object of (high
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stakes) tests, and (3) that assessment items can be used for teaching purposes in science
classes. However, Osborne (2013) further states that many assessment instruments related to
SRC were developed by psychologists rather than science education researchers and, therefore,
follow a domain-general approach. This is not in line with findings about the discipline
specificity and knowledge-dependency of scientific reasoning (cf. Krell et al. 2015b). Simi-
larly, Ding et al. (2016, p. 623) criticize that most instruments Bare in fact intended to target a
broader construct of scientific literacy.^ In a recent review, Opitz et al. (2017) show that most
instruments for assessing scientific reasoning were developed for secondary school students.

Meanwhile, some instruments for assessing scientific reasoning also in higher education
have been developed (cf. Hartmann et al. 2015; Mayer et al. 2014). However, the psychometric
quality of most published instruments was not evaluated satisfactorily (Opitz et al. 2017)
which is why Osborne (2013) criticizes a general lack of validity evidence for the published
instruments aimed to assess SRC. This study contributes to fill this gap in science education
research by presenting an English translation of an already developed German multiple-choice
instrument to assess pre-service science teachers’ SRC (cf. Hartmann et al. 2015; Mathesius
et al. 2016; Stiller et al. 2016).

Aims of this Study

The aims of this study are to evaluate and to apply a multiple-choice instrument to assess
English-speaking pre-service science teachers’ SRC. The instrument’s application will be
exemplified based on a sample of Australian pre-service science teachers.

More precisely, the following research questions (RQ) and associated hypotheses (H) are
leading the study:

RQ 1: Evaluation of the instrument.
To what extent does empirical evidence support the validity of the test score interpre-

tation as measures of pre-service science teachers’ SRC (cf. AERA et al. 2014; Kane
2013)?

H 1a: It is expected to find psychometric evidence for test equivalence between both
versions (i.e., quantitative analysis; Ercikan and Lyons-Thomas 2013) because the multiple-
choice instrument is a product of a systematic translation of an existing instrument (based on
the TRAPD approach; Harkness 2003; Harkness et al. 2004).

H 1b: It is expected to find evidence based on pre-service teachers’ response processes
during qualitative pretesting for the validity of the test score interpretation as measures of SRC
(i.e., qualitative analysis; Ercikan and Lyons-Thomas 2013) because the multiple-choice
instrument is based on the established German instrument (Hartmann et al. 2015; Mathesius
et al. 2016).

RQ 2: Application of the instrument.
To what extent does the test score interpretation propose Australian pre-service science

teachers possess an adequate level of SRC?
H 2: It is expected that the majority of a sample of Australian pre-service science teachers

have a probability higher than 50% for answering the items correctly (i.e., probabilistic
analysis; cf. Krell et al. 2015a), because Australian pre-service science teachers are asked to
develop SRC during teacher training (e.g., Won et al. 2017).

Research in Science Education (2020) 50:2305–2329 2309



In the following section, the integration of SRC in science teacher education both in the
context of original test development (Germany) and in the context of evaluation and applica-
tion of the translated English version (Australia) are explained.

Scientific Reasoning Competencies in Science Teacher Education in Germany
and Australia

Since the year 2004, competencies related to scientific reasoning (e.g., experimenting, model-
ing) are summarized in one of four broader competence areas to be achieved by all secondary
school students in Germany (KMK 2005). For example, students at the end of school year 10
are aimed to be able to plan simple experiments; to conduct experiments and/or to analyze
results; to reason the scope and limitation of experimental designs, procedures, and results; and
to evaluate the explanatory power of models (KMK 2005, p. 14).

Consequently, science teachers in Germany need to develop those competencies as well, as
part of their professional competencies (Großschedl et al. 2015; Kunter et al. 2013). The
Standing Conference of the Ministers of Education and Cultural Affairs of the Länder in the
Federal Republic of Germany (KMK 2017) have defined that pre-service science teachers at
the end of their studies need to be familiar with the inquiry and working methods of their
teaching subjects (e.g., biology, chemistry, physics). For example, knowledge about
experimenting and modeling is explicitly demanded for pre-service biology teachers (KMK
2017, p. 22). Neumann et al. (2017, p. 40) further emphasize the following knowledge and
abilities needed by pre-service biology teachers in Germany:

display a substantial and expandable biological knowledge, analytical-critical thinking
abilities, as well as methodological competencies; are familiar with the epistemology of
the natural sciences and are able to apply this knowledge to biological contexts; are
skilled in hypotheses-guided experimentation as well as hypotheses-guided comparison
and systemizing.

In Australia, secondary school students are asked to develop science inquiry skills related to
science understanding. For example, the Victorian Curriculum and Assessment Authority
(VCAA 2016b) demands for students at the end of year 10 to be able to formulate questions
or hypotheses that can be investigated scientifically; to independently plan, select, and use
appropriate investigation types; to construct and use a range of representations, including
graphs, keys, models, and formulas; to record and summarize data, as well as to use knowledge
of scientific concepts to evaluate investigation conclusions. In addition to this, the Australian
Curriculum includes a set of general capabilities, which are defined as Ban integrated and
interconnected set of knowledge, skills, behaviors and dispositions that can be developed and
applied across the curriculum to help students become successful learners, confident and
creative individuals and active and informed citizens^ (ACARA 2013).

In line with these demands, Australian science teachers are required to implement scientific
inquiry approaches in their lessons, including the formulation of research questions, the design
of experiments, and the evaluation of evidence as tasks for students (VCAA 2016a). These
approaches also aim to enhance students’ general capabilities, such as critical and creative
thinking (ACARA 2013). Consequently, knowledge related to scientific reasoning is an
important part of science teachers’ professional knowledge in Australia as well (Won et al.
2017). The Australian Professional Standards for Teachers emphasize Bknow the content and
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how to teach it^ as one standard of teachers’ professional knowledge (AITSL 2011), which
means that graduate teachers should be able to Bdemonstrate knowledge and understanding of
the concepts, substance and structure of the content and teaching strategies of the teaching
area^ (AITSL 2011, p. 10). Based on the final draft of the national professional standards for
highly accomplished teachers of science published by the Australian Science Teacher Asso-
ciation (ASTA 2009), science teachers both need conceptual knowledge of the scientific
disciplines and knowledge about science and scientific reasoning, for example:

Highly accomplished teachers of science understand the nature and dimensions of
science: that it is a body of knowledge, a way of thinking and communicating, asking
and answering questions, and of interpreting events and phenomena from scientific
perspectives. […] They understand the kinds of questions that can be tested scientifically
and those that cannot; how to plan and conduct scientific investigations, collect evidence
and interpret data. (ASTA 2009, p. 5).

The documents cited above emphasize that science teachers in both Germany and Australia are
asked to possess epistemological knowledge about science and its procedures and to have the
practical skills and competencies to be able to conduct scientific practices in their science
classes. Hence, although not explicitly termed as such, SRC and related diagnostic and
teaching competencies are seen as an integral part of science teachers’ professional compe-
tencies in both Germany and Australia.

Development of the German Instrument in the Ko-WADiS/ValiDiS Project

In order to be able to monitor and to foster the development of pre-service science teachers’ SRC
throughout their studies as well as to improve science teacher education at the participating
universities, the abovementioned multiple-choice instrument was developed in the project Ko-
WADiS/ValiDiS (Hartmann et al. 2015; Mathesius et al. 2016; Stiller et al. 2016). The instrument
was developed to assess the seven skills described in the theoretical framework shown above
(Table 1). Figure 1 exemplarily shows one item related to the skill formulating questions.

All items are contextualized in authentic scientific problems and include one attractor (i.e.,
correct answer) and three distractors (i.e., wrong answers). For the correct identification of the
attractor (i.e., for solving the given scientific problem), one needs to apply epistemic knowl-
edge in the respective context. For example, related to the skill formulating questions (cf.
Fig. 1), one needs to know that scientific questions are related to a phenomenon, are
empirically testable, intersubjectively comprehensible, unambiguous, principally answerable,
and internally and externally consistent (Mathesius et al. 2014). This operationalization is in
line with the definition of competencies as learnable and context-specific dispositions to
master complex tasks (Klieme et al. 2008; Weinert 2001) and focuses on the ability to apply
epistemic knowledge to solve scientific problems (Mathesius et al. 2014, 2016).

Different sources of validity evidence were considered during the development of the
instrument to ensure the plausibility of the test score interpretations as measures of SRC (cf.
AERA et al. 2014; Kane 2013). For example, evidence based on test content was considered by
using pre-service science teachers’ answers to open-ended questions to formulate the attractors
and distractors and by conducting test evaluation and revision by experts (Hartmann et al. 2015).
Response processes were examined by conducting think-aloud protocols and eye tracking,
which confirmed that pre-service science teachers in fact apply epistemic knowledge to solve
the multiple-choice items (Mathesius et al. 2018a, b). Evidence based on relation to other
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variables was obtained by showing that pre-service biology teachers studying another science
subject outperformed those who study a non-scientific subject (e.g., linguistics or social sciences)
next to biology (Mathesius et al. 2016) and that pre-service science teachers’ test scores increase
during the course of studies (Hartmann et al. 2015; Mathesius et al. 2016). Furthermore,
statistical analyses revealed good psychometric properties (e.g., item fit parameters, reliability
measures) and a one-dimensional data structure representing one overall latent dimension
scientific reasoning (Hartmann et al. 2015; Mathesius et al. 2016).

Since some authors criticize a lack of validity evidence for instruments to assess SRC
(Opitz et al. 2017; Osborne 2013), the consideration of this comprehensive validity evidence
can be seen as a distinguishing quality criterion of the instrument. The instrument is currently
applied at 11 universities in the German-speaking countries Germany and Austria (currently
N ≈ 8500; cf. Hartmann et al. 2015) to monitor pre-service science teachers’ SRC.

Because of missing instruments in other languages and to enable international comparisons, we
translated a short version of the instrument (21 multiple-choice items, three items for each skill;
Table 1) into English (procedure see below). This short version has already been translated into
Spanish and is applied at several universities in Chile, South America (cf. Krell et al. 2018).

Fig. 1 One of the three multiple-choice items related to the skill formulating questions (item Bquestion 1^ in
Table 4 and Figure 2). The fourth answering option is the attractor. Note that the figure depicts a translated item in
order to allow the readers of the article to understand its content. The full instrument is available for interested
readers upon request per email (see Mathesius et al. (2018b) for the German version of this item).
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Translation of the German Instrument into English

The translation of the instrument followed the Translation, Review, Adjudication, Pretesting,
and Documentation approach (TRAPD; Harkness 2003; Harkness et al. 2004). The TRAPD
approach is established in the social and educational sciences (cf. Forsyth et al. 2016) to
warrant valid translations of testing instruments, i.e., to ensure test equivalence between the
original and the translated version (Ercikan and Lyons-Thomas 2013; Harkness 2003).

The German instrument was translated into English independently by two translators
(parallel translation; Harkness et al. 2004). One translator was a professional translator with
English being his first language, who already had experience in translating science education
research articles from German into English. The other translator learned English as his second
language (German as the first) during several stays in English-speaking countries and studied
biology and chemistry for becoming a secondary science teacher. Hence, both translators had
sufficient expertise in the German and the English language as well as in science education (cf.
Harkness et al. 2004). The translators were asked to focus more on the meaning of the
information units (i.e., task contexts, questions, attractors, distractors) than on the direct
translation of single words (Harkness et al. 2004). However, formal item features should be
considered as well (e.g., text length; Stiller et al. 2016) and key terms related to scientific
inquiry, such as hypothesis or research question, should be kept and translated directly.

In the review phase, both translations were compared and discussed within a committee
consisting of one translator, three authors of this article and three additional science education
researchers literate in scientific reasoning. Hence, as a whole, the committee had good skills in
the English and the German language, and was familiar with the development of assessment
instruments in science education and the underlying construct (cf. Harkness 2003). General
comments on both versions have been recorded and differences between the versions have
been compared and discussed. Based on these records and discussions, an English version of
the instrument was developed by the first author of this article being the adjudicating body
(Harkness 2003), in cooperation with single members of the reviewing committee;
Badjudicators carry the final responsibility for the translation decisions but need not have the
translation skills required of reviewer and translators^ (Harkness et al. 2004, p. 465). This
systematic translation procedure aimed to contribute to test equivalence between the German
and the English version of the instrument (Ercikan and Lyons-Thomas 2013).

To obtain empirical evidence which support the validity of the test score interpretation as
measures of pre-service science teachers’ SRC (RQ 1), the English version of the instrument
was quantitatively and qualitatively pretested in the target population (Ercikan et al. 2010;
Ercikan et al. 2004; Ercikan and Lyons-Thomas 2013; Harkness 2003; Harkness et al. 2004).

Evaluation of the Instrument (RQ 1): Methods

Quantitative Pretesting: Data Collection, Sample, Data Analysis

Data collection: For data collection, the English version of the instrument was administered in
the way it was administered in the German context (equivalence of testing conditions; Ercikan
and Lyons-Thomas 2013). The administration took place in regular postgraduate science
courses for pre-service science teachers at the graduate school of education of a university
in Victoria, Australia. Ethics approval was obtained from the local Human Ethics Approval
Group. The standardized test instruction (translated into English) used in the Ko-WADiS/

Research in Science Education (2020) 50:2305–2329 2313



ValiDiS project was applied (Hartmann et al. 2015), which entails short information about the
study and the assessed competencies, and highlights that participation is anonymously and
voluntarily.

Sample: In sum, N = 105 pre-service science teachers enrolled in a Master of Teaching
participated in this part of the study (mean age was 27 years). Table 2 provides further
information about the sample.

Data analysis: Data analysis was mainly done within the framework of item response
theory (cf. Bond and Fox 2001; Embretson and Reise 2000) using the software ACER
Conquest 3 (Wu et al. 2007). The One-Parameter Logistic Model (1PLM) for dichotomous
items (BRasch Model^) was applied and the marginal maximum-likelihood estimator was
used. In the 1PLM, the probability p of a correct answer for person s on item i is estimated as
follows (Embretson and Reise 2000):

P X isð Þ ¼ exp θs−βið Þ=1þ exp θs−βið Þ
In this equation, θs is the person’s trait level and βi is the item’s difficulty. Before interpreting
the estimated parameters, the fit between data and model has to be evaluated (Burnham and
Anderson 2004). For this purpose, the sum of squared standardized residuals (MNSQ) is
proposed. The MNSQ has an expected value of 1 with acceptable values ranging from 0.8 to
1.2 (Bond and Fox 2001). Conquest computes a weighted and an unweighted MNSQ. Because
the unweighted MNSQ is more sensitive to outliers than the weighted MNSQ, both statistics
should be considered. In addition, t-standardized fit statistics based on the MNSQ are
provided, which should range from - 2 to 2 (Wu et al. 2007).

As it was done in the Ko-WADiS/ValiDiS project (Mathesius et al. 2016), both a one-
dimensional (scientific reasoning) and a two-dimensional (conducting scientific investigations
and using scientific models) 1PLM was specified. The models have been compared based on
the information indices AIC and BIC and using the likelihood difference (LD) test (Burnham
and Anderson 2004; Wu et al. 2007).

Differential item functioning (DIF) was analyzed to provide psychometric evidence for test
equivalence between the English and the German version of the instrument (RQ 1). For this
analysis, those German pre-service science teachers who answered the German short version
of the instrument were considered (N = 610; nBachelor students = 126; nMaster students = 109; nother/did

not specify course of study = 288; 80% female). For analyzing DIF, the Mantel–Haenszel (MH)
statistic was estimated (Wu et al. 2007; Zwick et al. 1999). This approach is suitable to
compare the probability of answering an item correctly between two (or more) matched
groups, depending on their test performance. In this study, two matched groups (i.e., German
and Australian pre-service science teachers) have been defined based on weighted likelihood
estimates (WLE) as ability measures (cf. Wu et al. 2007).

Table 2 Sample information

Study program

Early childhood teacher Primary school teacher Secondary school teacher

Number of students nfemale = 12 nfemale = 44 nfemale = 20 nfemale = 76
nmale = 1 nmale = 11 nmale = 17 nmale = 29
n = 13 n = 55 n = 37 N = 105
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Qualitative Pretesting: Data Collection, Sample, Data Analysis

Data collection: For the qualitative pretesting of the English version of the instrument (RQ 1),
think-aloud protocols with (primarily) concurrent verbalizations have been conducted in
individual interviews (Ercikan et al. 2010; Ericsson and Simon 1998; Harkness et al. 2004;
Roth et al. 2013). Hence, pre-service science teachers were asked to work on the instrument
and to directly verbalize their thinking (Ericsson and Simon 1998). If necessary, the first
author, who was present in all interviews, asked additional clarifying questions (retrospective
verbalizations; Ericsson and Simon 1998).

For participating in the interviews, the pre-service science teachers received 25 AUD and
had the opportunity to enter a prize draw. Due to the cognitive demands of verbalizing, each
participant was expected to work on the instrument not longer than about 1 h. Within this time
frame, 9 to 18 items have been finished by the participants. The items for the interviews were
chosen to ensure that each item was object of an interview at least twice and, based on the
findings of the quantitative analysis (see below), a focus was laid on those items with
indication for DIF (cf. Ercikan et al. 2010; Roth et al. 2013).

The participants were informed that the purpose of the interviews was to investigate the
understandability of the instrument, not to test their competencies. The interviews were audio-
taped and fully transcribed verbatim.

Sample: Five pre-service science teachers took part in the interviews, three pre-service
secondary school teachers and two pre-service early childhood teachers. The actual interviews
lasted between 55 min and 1 h 14 min. All participants were studying at the graduate school of
education mentioned above and ethics approval was obtained for this part of the study as well.

Data analysis: Data analysis was done within the methodological frame of qualitative content
analysis (Schreier 2012), based on an already available coding scheme which was developed and
applied in the Ko-WADiS/ValiDiS project to analyze think aloud protocols of pre-service science
teachers working on the German instrument (Mathesius et al. 2018b). Hence, in this study, the
category system was mainly deductively applied to analyze the transcripts (Schreier 2012). How-
ever, the original coding scheme was simplified by merging single categories and by including only
those categories which have been empirically found in the transcripts.

The resulting category system (Appendix Table 8) entails general categories, for
example reasoned choice of the attractor, which have been applied independently of the
related skill. Due to the focus of this study, one general category was added to grasp
verbalizations which indicate language- or culture-related misunderstanding of the items
(lack of text comprehension/indication of culture-related misunderstanding). Furthermore,
skill-specific categories describe explanations provided by the respondents, which are
specific for the skills.

The coding of the data was done independently by two authors of this article. Cohen’s
Kappa (κ) was calculated as a measure for intercoder agreement (Brennan and Prediger 1981);
disagreements were resolved by discussion after calculating Kappa.

Application of the Instrument (RQ 2): Methods

Data of the sample described above (Table 2) have been analyzed to discuss RQ 2. The
software ACER Conquest 3 (Wu et al. 2007) was used to estimate person abilities (θs) and item
difficulties (βi) at the latent level based on the 1PLM. As a consequence of the 1PLM’s
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equation (see above), a person with θs = βi has a probability of 50% to answer the respective
item correctly; if θs > βi, this probability is more than 50%, and if θs < βi, this probability is less
than 50% (Bond and Fox 2001). WLE were used as estimates for θs (cf. Wu et al. 2007), i.e., as
indicators for the pre-service science teachers’ SRC.

To evaluate to what extent the data propose the pre-service science teachers to possess an
adequate level of SRC (RQ 2), the relation of person ability and item difficulty as described
above has been used. More precisely, three subgroups of the whole sample have been
distinguished for each skill of scientific reasoning (Table 1): respondents with WLE>Mβ +
1 SDβ were defined as having advanced competencies, whereas respondents with WLE<Mβ -
1 SDβ were labeled as having basic competencies. Respondents who have somewhere between
advanced and basic competencies (i.e., WLE =Mβ ± 1 SDβ) were referred to as transitional.

Evaluation of the Instrument (RQ 1): Findings

Quantitative Pretesting

The dimensionality analysis results in no clear preference for the 1D or the 2Dmodel. Based on the
information indices AIC and BIC, the 1Dmodel is preferred, but the LD test results in no significant
difference between the 1D and 2D model (Table 3). Due to the principle of parsimony (Burnham
and Anderson 2004), and as it was done in the Ko-WADiS/ValiDiS project (Hartmann et al. 2015;
Mathesius et al. 2016), the 1D model was used for further data analysis.

In the 1Dmodel, the EAP/PV reliability is rel.EAP/PV = 0.547 and the item separation reliability is
rel.Item = 0.946. MNSQ and corresponding t values indicate a good fit between data and model
(unweighted: -0.89 ≤MNSQ ≤1.14, |t| ≤ 1.00; weighted: -0.91 ≤MNSQ ≤ 1.11, |t|≤ 1.50).

Within the 1Dmodel, the analyses showed considerable DIF (category Bmoderate to large^)
for two items and minor DIF (category Bslight to moderate^) for one additional item. It is
evident that especially items related to the skill generating hypotheses seem to be problematic
(Table 4). These items are more difficult in the English version than in the German version of
the instrument (i.e., MH statistic < 0).

Qualitative Pretesting (RQ 1)

The independent coding of 33% of the data resulted in a very good intercoder agreement (κ =
0.809; cf. Brennan and Prediger 1981; the categories other and reading/paraphrasing the text
have not been considered in this calculation).

Table 5 shows the number of codings in the categories. It is evident that, within the general
categories, many verbalizations have been coded as selection/exclusion without a reason. This
reflects the fact that the pre-service science teachers often gave a short answer like BThis seems like
the answer^ (interview 3) first, but provided a further explanation of their choice afterwards.

Table 3 Dimensionality analysis

Model Deviance AIC BIC LD test

1D 1PLM 2558 2602 2661
χ
2
(2) = 0.114; p = 0.9452D 1PLM 2558 2606 2670
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The number of codings of the skill-specific categories indicates that the pre-service science
teachers specifically reasoned about the skills formulating questions, generating hypotheses,
planning investigations, and testing models. The items related to the other three skills seem to
elicit rather general verbalizations (Table 5).

The category lack of text comprehension/indication of culture-related misunderstand-
ing is especially relevant for the focus of the present study. Within this category, nine
codings relate to verbalizations which indicate that the pre-service science teachers did not
read the task carefully or were not familiar with single terms. For example, one participant
did not understand the meaning of Bmechanical action^ (included in item Bhypothesis 1^),
another one did not realize that the expressions Bgrooves on the fingers^ and Bwrinkled
fingers^ relate to the same phenomenon (included in item Bconclusion 3^). Furthermore,
two codings relate to verbalizations which indicate a lack of understanding without
providing reasons. More importantly for the present study, five codings hint to problems
as a result of the translation process.

& In the item Bchanging 2^, the scientific problem relates to a model of stem turtles. In this
item, the term Bcarapace^ is used in one paragraph without providing its meaning (back
shell). However, in the German version of the item, the meaning is provided directly
without using the scientific term Bcarapace^.

& In items Bhypotheses 3^ and Bconclusion 2^, pronouns are used which may have caused
ambiguousness of the sentences. For example, in item Bhypotheses 3^, the following

Table 4 DIF analysis with the Mantel–Haenszel (MH) statistic

Items MH statistica χ2 test DIF categoryb

Conducting scientific
investigations

Question 1 − 0.771 χ2(2) = 2.326; p = 0.313 Negligible
Question 2 − 1.106 χ2(2) = 3.156; p = 0.206 Negligible
Question 3 0.347 χ2(2) = 0.267; p = 0.875 Negligible
Hypothesis 1 − 1.971 χ2(2) = 8.112; p = 0.003 Moderate to large
Hypothesis 2 − 1.551 χ2(2) = 7.222; p = 0.027 Moderate to large
Hypothesis 3 − 0.846 χ2(2) = 2.328; p = 0.312 Negligible
Planning 1 0.699 χ2(2) = 3.133; p = 0.209 Negligible
Planning 2 0.997 χ2(2) = 6.218; p = 0.045 Negligible
Planning 3 0.468 χ2(2) = 0.765; p = 0.682 Negligible
Conclusion 1 0.573 χ2(2) = 2.124; p = 0.346 Negligible
Conclusion 2 0.308 χ2(2) = 0.305; p = 0.859 Negligible
Conclusion 3 − 0.391 χ2(2) = 0.447; p = 0.799 Negligible

Using scientific models Purpose 1 0.026 χ2(2) = 0.001; p = 0.999 Negligible
Purpose 2 0.483 χ2(2) = 0.584; p = 0.747 Negligible
Purpose 3 − 0.453 χ2(2) = 0.401; p = 0.818 Negligible
Testing 1 1.343 χ2(2) = 7.073; p = 0.029 Slight to moderate
Testing 2 0.126 χ2(2) = 0.020; p = 0.990 Negligible
Testing 3 − 0.006 χ2(2) = 0.009; p = 0.995 Negligible
Changing 1 0.548 χ2(2) = 1.578; p = 0.454 Negligible
Changing 2 0.890 χ2(2) = 3.706; p = 0.157 Negligible
Changing 3 0.212 χ2(2) = 0.104; p = 0.949 Negligible

a The MH statistic is defined to be negative when an item is more difficult for the focal group (English version)
than for the reference group (German version)
b BModerate to large^: p ≤ 0.05 and |MH statistic| ≥ 1.5, Bslight to moderate^: p ≤ 0.05 and 1.0 < |MH statistic|
< 1.5, Bnegligible^: p > 0.05 and/or |MH statistic| ≤ 1.0 (Zwick et al. 1999). Question, hypothesis, planning,
conclusion, purpose, testing, and changing indicate the related skill for each item (see Table 1)
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sentence is part of the item stem: BScientists have hypothesized that the jasmonic acid
produced by the plants has a negative signal effect to keep them from further damaging the
plant.^ One participant was not sure about the meaning of them in this sentence (BWell, it’s
pretty confusing, keep them from damaging. Keep who? Caterpillars?^; Interview 1). This
sentence is clearer written in the German version since caterpillars are directly mentioned
and no pronoun is used.

& Finally, two codings relate to the formulation Bmight form the basis for this investigation^,
which is part of the four items Bquestion 1^, Bquestion 2^, Bquestion 3^, and Bhypothesis 2^,
and is meant in the sense of underlie this investigations. For example, in item Bquestion 1^, the
participants are asked BWhich scientific question might form the basis for this investigation?^
and thereafter have to identify the research question which is examined in the investigation
described in the item stem (Fig. 1). However, one participant understood the formulation Bmight
form the basis^ as something which have to be done prior to the investigation (BI think I should
be cautious about the meaning of ‘might form the basis.’ So that means if we want to conduct
the investigation successfully we have to answer some questions as the basis.^; Interview 4).

Application of the Instrument (RQ 2): Findings

Table 6 indicates the proportion of correct answers for the items of the seven
skills and overall based on the raw data (i.e., 1.0 = 100% correct answers). This

Table 5 Number of codings in the categories (description of categories see Appendix Table 8)

Number of codings

General categories
Other 90
Reading/paraphrasing the task 157
Reasoned choice of the attractor 22
Lack of text comprehension/indication of culture-related misunderstanding 16
Selection/exclusion based on signal word 10
Selection/exclusion without a reason 57

Categories for the skills formulating questions and generating hypotheses
(Includes alternative scientific approach, irrelevant factor, experimental testability
impossible, methodological understanding—scientific question/hypothesis,
methodological understanding missing—scientific question/hypothesis)

35

Categories for the skill planning investigations
(Includes irrelevant design, methodological understanding—planning investigation,
methodological understanding missing—planning investigation)

17

Categories for the skill analyzing data and drawing conclusions
(Includes criticism of method, inappropriate interpretation, methodological
understanding—analyzing data/drawing conclusion)

10

Categories for the skill judging the purpose of models
(Includes relevance of described purpose, scientific application of models is denied,
criticism of described purpose)

8

Categories for the skill testing models
(Includes alternative scientific approach, testing the model object, no empirical test,
criticism of model)

25

Categories for the skill changing models
(Includes alternative scientific approach, model empirically falsified, model not
empirically falsified, inappropriate empirical basis)

7
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data illustrates that the items related to planning investigations turned out be
rather easy (about 68% correct answers), whereas the items related to generating
hypotheses were the most difficult ones (about 26%). Overall, the items have been
answered correctly by about 45% of the pre-service science teachers.

Figure 2 shows the person ability and item difficulty parameters estimated in
the 1PLM within one common logit-scale (BWright Map^; cf. Bond and Fox
2001). It is evident that the skills formulating questions and generating hypotheses
are rather difficult (i.e., high item difficulty parameters), whereas planning inves-
tigations is the easiest one (i.e., low item difficulty parameters). The standard
deviations illustrate that the difficulty of the items related to planning investiga-
tions and analyzing data and drawing conclusions varies more than those related
to the other skills.

The pre-service secondary school teachers performed significantly better in the
test (MWLE = 0.45, SDWLE = 0.67) than the pre-service primary school teachers
(MWLE = − 0.22, SDWLE = 0.67, p < 0.001, d = 0.99; large effect) and the pre-
service early childhood teachers (MWLE = − 0.23, SDWLE = 0.66, p = 0.003, d =
1.00; large effect). There is no significant difference in the WLE between the
pre-service primary school teachers and the pre-service early childhood teachers
(p = 0.968).

Based on the WLE and the definition for basic, transitional, and advanced
competencies described above, about 84% (n = 88) of the pre-service science
teachers have only basic competencies related to generating hypotheses
(Table 7). In the easiest skill planning investigations, all pre-service science

Table 6 Proportion of correct answers (M) and standard deviation (SD) for each skill and overall

Number of items N Proportion of
correct answers

Conducting scientific
investigations

Formulating questions 3 103 M = 0.29
(SD = 0.24)

Generating hypotheses 3 103 M = 0.26
(SD = 0.25)

Planning investigations 3 103 M = 0.68
(SD = 0.27)

Analyzing data and
drawing conclusions

3 103 M = 0.55
(SD = 0.25)

Using scientific models Judging the purpose
of models

3 105 M = 0.37
(SD = 0.28)

Testing models 3 104 M = 0.44
(SD = 0.28)

Changing models 3 103 M = 0.52
(SD = 0.21)

Scientific reasoning
(i.e., overall)

21 105 M = 0.45
(SD = 0.15)
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teachers have either transitional (n = 63) or advanced (n = 42) competencies. On
average, about 40% of the sample have basic, about 47% transitional, and about
13% advanced competencies.

It is evident that pre-service early childhood teachers reached advanced
competencies in only two skills (planning investigations, changing models),
whereas pre-service secondary school teachers reached this level in all skills
(Table 7).

Fig. 2 Wright Map with the person ability and item difficulty parameters estimated in the 1PLM within one
common logit-scale. Each X represents 0.2 cases. Question, hypothesis, planning, conclusion, purpose, testing,
and changing indicate the related skill for each item (see Table 1)
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Discussion and Conclusion

Assessment instruments for scientific reasoning may contribute to transforming science
education for the needs for the twenty-first century, for example by clearly
operationalizing and communicating the construct and by providing items that can be
used for teaching purposes in science classes (Osborne 2013). Furthermore, such instru-
ments enable science education researchers to monitor and to foster the development of
pre-service science teachers’ SRC throughout their studies and to improve science
teacher education (Hartmann et al. 2015; Mathesius et al. 2016).

This study contributes to this issue by presenting an English translation of an
established German multiple-choice instrument to assess pre-service science teachers’
SRC (Hartmann et al. 2015; Mathesius et al. 2016). The multiple-choice items are
contextualized in authentic scientific problems and, thus, take account for the discipline
specificity and knowledge dependency of scientific reasoning (Krell et al. 2015b; Osborne
2013). Furthermore, the items relate to the two styles of reasoning, or sub-competencies,
respectively, which are most established in science education research: experimental
evaluation and hypothetical modeling (cf. Schauble et al. 1991; Upmeier zu Belzen and
Krüger 2010; Windschitl et al. 2008). As the underlying construct generally defines and
constrains the scope of interpretation of competence assessments (Shavelson 2013), the
theoretical framework (Table 1) may be critically discussed as one limiting factor of this
study. For example, the focus on two styles of reasoning may be criticized as narrow and
reflecting an Bimpoverished account of scientific thinking^ (Kind and Osborne 2017, p.
17) since there are more styles of reasoning used in the sciences (e.g., six styles proposed
by Kind and Osborne 2017). Furthermore, the definition and operationalization of the two

Table 7 Number of pre-service science teachers within the three subgroups in each skill

Basic
(WLE<Mβ − 1 SDβ)

Transitional
(WLE =Mβ ± 1 SDβ)

Advanced
(WLE >Mβ + 1 SDβ)

Conducting

scientific

investigations

Formulating

questions

Total sample 81 22 2

Sec/Pri/Earl 21/49/11 14/6/2 2/–/–

Generating

hypotheses

Total sample 88 15 2

Sec/Pri/Earl 24/51/13 11/4/– 2/–/–

Planning

investigations

Total sample – 63 42

Sec/Pri/Earl –/–/– 13/39/11 24/16/2

Analyzing data
and drawing

conclusions

Total sample – 97 8
Sec/Pri/Earl –/–/– 32/52/13 5/3/–

Using scientific

models

Judging the

purpose

of models

Total sample 33 70 2

Sec/Pri/Earl 5/24/4 30/31/9 2/–/–

Testing models Total sample 72 16 17

Sec/Pri/Earl 15/46/11 9/5/2 13/4/–

Changing

models

Total sample 20 61 24

Sec/Pri/Earl 1/16/3 20/33/8 16/6/2

N = 105 (total sample), Sec pre-service secondary school teachers (n = 37), Pri pre-service primary school
teachers (n = 55), Earl pre-service early childhood teachers (n = 13)
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styles may be critically discussed as well. The approach to define conducting scientific
investigations distinguishes the important process skills formulating questions, generating
hypotheses, planning investigations, analyzing data, and drawing conclusions (Table 1),
but omits other processes like actually doing the investigation (e.g., data collection). This
limitation, at least partly, is a result of the multiple-choice format and has to be taken into
account when interpreting the scores as indicators for pre-service science teachers’ SRC
(Shavelson 2013). Especially the process of doing an investigation is challenging to assess
within a multiple-choice format since most aspects which are important while doing an
investigation should be theoretically considered in the planning process as well (e.g., no
variable confounding, systematic measurement). Hence, paper-pencil questions about how
to do an investigation may rather address skills related to the planning and, therefore,
typically omit this skill (e.g., Krell 2017).

As the German version of the instrument was thoroughly evaluated, taking into
account various sources for validity evidence (cf. Hartmann et al. 2015; Mathesius
et al. 2018b), and the translation of the English version was systematically done based
on the TRAPD approach (Harkness 2003; Harkness et al. 2004), this study aimed to
obtain psychometric evidence for test equivalence between both versions (H 1a) and
evidence based on response processes for the validity of the test score interpretation as
measures of SRC (H 1b).

The findings related to H 1a propose the instrument to be widely equivalent to the
original version. In line with the analyses of the German data (cf. Mathesius et al.
2016), the English instrument seems to assess a one-dimensional construct since both
information indices propose the 1D model to better fit the data than the 2D model
(Table 3). The one-dimensional construct assessed by the instrument is likely to be
interpreted as scientific reasoning competencies. Similar dimensionality of data between
test versions are one indicator for test equivalence (Ercikan and Lyons-Thomas 2013).
A further indicator, which was evaluated in this study, is analysis of DIF (Ercikan and
Lyons-Thomas 2013; Wu et al. 2007; Zwick et al. 1999). The estimated MH statistic
proposes only two items, both related to generating hypotheses, having considerable
DIF (i.e., category Bmoderate to large^; Table 4). Items within this category Bare
subjected to further scrutiny and may be eliminated from tests^ (Zwick et al. 1999,
p. 3). Following this advice, the qualitative analysis of the instrument (H 1b) focused
on the items related to the skill generating hypotheses (cf. Ercikan et al. 2010; Roth
et al. 2013).

The findings of the qualitative analysis of the items (Bthink-aloud protocols^;
Ericsson and Simon 1998) mainly support the assumption that the items elicit epistemic
knowledge. This was also found in qualitative analyses of the German version of the
instrument (Mathesius et al. 2018b). In the present study, the general category reasoned
choice of the attractor was identified 22 times among five pre-service teachers,
indicating that the pre-service teachers understood the attractor and were able to
paraphrase it or to further explain the scientific approach described in the attractor.
The skills formulating questions, generating hypotheses, planning investigations, and
testing models elicited more often skill-specific argumentations. For example, in the
skill planning investigations, the students analyzed the answering options more in depth
focusing on the variables considered in the investigation, which reflects that they
applied their epistemic knowledge to work on the multiple-choice items (category
methodological understanding: planning investigation). The application of these
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general and skill-specific codes are seen as evidence based on response processes for
the validity of the test score interpretation as measures of SRC (H 1b; cf. Mathesius
et al. 2018a, b). In contrast, and especially interesting for the present study, a few
verbalizations could be identified as indicating a lack of text comprehension or culture-
related misunderstanding of the multiple-choice items (category lack of text
comprehension/indication of culture-related misunderstanding). Within this category,
three issues hint to problems resulting from the translation process, as described above.
Roth et al. (2013) analyzed sources of DIF in science achievement tests and proposed
(1) the relative text length, (2) linguistic issues, (3) the logical structure of an item
(content or form), (4) cognitive-conceptual content, and (5) diversity issues. Two issues
identified in the present study are linguistic issues in the sense of Roth et al. (2013):
The use of the scientific term Bcarapace^ in the English version of item Bchanging 2^
instead of the direct translation Bback shell^ (Rückenpanzer in German) was due to the
recommendation of the translators who judged the trivial term back shell as less
commonly used in the English language. However, the findings of this study propose
to add the trivial term in parentheses to each occurrence to make the item better
understandable. The second linguistic issue identified in the present study is the
ambiguous meaning of Bmight form the basis for this investigation,^ which is part of
the four items Bquestion 1^, Bquestion 2^, Bquestions 3^, and Bhypotheses 2^. As
illustrated above, one pre-service teacher understood it as something which has to be
done prior to the investigation. Hence, the formulation should be adjusted, for example,
in Bunderlie this investigation^, to make these items easier to understand. One issue
identified in the present study relates to the logical structure of an item as discussed by
Roth et al. (2013). The use of pronouns in the items Bhypothesis 3^ and Bconclusion 2^
made it difficult for the pre-service teachers to identify the logical relation between
entities. This should be adjusted to warrant test equivalence, especially since the nouns
(e.g., Raupen in German) are used repeatedly in the German items without replacing
them by pronouns (Ercikan and Lyons-Thomas 2013; Roth et al. 2013).

The analysis of the think-aloud protocols provides possible sources of DIF. Howev-
er, taking into account the empirical findings (Table 4), those items with minor or
considerable DIF have not systematically been identified as problematic in the qualita-
tive analysis. One exception is item Bhypothesis 2^ which showed considerable DIF
which might have been caused by the ambiguous meaning of Bmight form the basis^ as
discussed above. However, this is unlikely because the other items including this
formulation (Bquestion 1^, Bquestion 2^, Bquestion 3^) have not been identified as
having problematic DIF. Hence, the findings of the qualitative analysis do not provide
clear explanations for the observed DIF. Of course, this might be due to the rather
small sample of pre-service teachers participating in the interviews (n = 5) resulting in
only two to four qualitative analyses for each item. Another possible explanation might
be specific emphases in teacher training in Germany and Australia, respectively,
resulting in specific competencies of pre-service teachers in the two samples compared.
The three items related to the skill generating hypotheses appeared to be more difficult
in the English version than in the German version (MH statistic < 0; Table 4). Opposed
to this, albeit not significant, all items related to planning investigations turned out to
be easier in the English version (MH statistic > 0). As discussed by many authors,
repeated and diverse scientific learning opportunities and explicit reflections about
science and its procedures contribute to the development of SRC (Hartmann et al.
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2015; Hodson 2014; Krell et al. 2015a; Mathesius et al. 2016). From this perspective,
the findings may be a hint that the participating Australian pre-service science teachers
possess lower skills related to the generation of hypotheses but higher skills to plan
investigations than the participating German pre-service science teachers. This interpre-
tation implies to further analyze and compare the teacher training curricula of the
participating universities and identify areas of possible improvement.

As sketched out above, Australian pre-service science teachers are asked to develop
SRC during teacher training (e.g., Won et al. 2017). H 2 examined to what extent the
participating pre-service teachers are able to answer the present multiple-choice items
adequately and, thus, provide evidence to possess an adequate level of SRC. The
significant differences in the test scores between the pre-service secondary school
teachers and the pre-service primary school teachers as well as the pre-service early
childhood teachers can be interpreted as validity evidence based on relation to other
variables (known groups comparison; AERA et al. 2014; Hartmann et al. 2015) since
the pre-service secondary school teachers have had more opportunities to learn about
science during their studies and, therefore, are expected to reach higher test scores
(Hartmann et al. 2015; Mathesius et al. 2016).

Based on the equation of the 1PLM, three levels of SRC have been defined (basic,
transitional, advanced; Table 7). The findings demonstrate that only about 13% of the
entire Australian sample had advanced SRC, whereas 40% showed basic competen-
cies; these findings illustrate the need to more explicitly emphasize on scientific
reasoning in Australian teacher training.

One clear limitation of this study is the rather small and limited sample of 105 pre-
service science teachers from one graduate school of education. However, since the
focus of this study lies on test evaluation, this sample seems to be appropriate.
Furthermore, additional sources of validity evidence may be obtained for the
English-language instrument (cf. AERA et al. 2014; Kane 2013). Nevertheless, further
studies may use the instrument presented here and evaluate to what extent the
findings about SRC of pre-service science teachers in Australia are generalizable or
an artifact of the sample analyzed here. Additional applications might use the instru-
ment in order to obtain (convergent and discriminant) validity evidences of instru-
ments assessing similar constructs or to conduct longitudinal analyses throughout the
course of teacher education programs (but also beyond) of the development of SRC of
English-speaking pre-service science teachers’ SRC as it is done in other countries
(Ding et al. 2016; Mathesius et al. 2016). The latter may contribute to detect effective
opportunities to learn or to specifically improve teacher training in single study stages.
Finally, the English, German, and Spanish versions of the instrument are currently
used to assess SRC of pre-service teachers in different countries, in order to identify
specific strength, weaknesses, and priorities in the science teacher education programs
at the participating universities and enable specific improvements to what is taught to
science teachers about scientific reasoning. More broadly, this will address interna-
tional needs in science teacher education related to the assessment and development of
pre-service teachers’ SRC (cf. Osborne 2013).
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Appendix

Table 8 Category system used for data analysis in this study (based on Mathesius et al. 2018b)

Category Description

General categories
Other Not meaningful statements (e.g., requests about elapsed time

or which item to answer next)
Reading/paraphrasing the task Reading of the text or paraphrasing the content in own words
Lack of text comprehension/indication

of culture-related misunderstanding
Verbalizations reflect a lack of text comprehension, a

misunderstanding of the given information
Reasoned choice of the attractor The attractor is chosen and reasons for the choice are provided

(e.g., by paraphrasing the attractor to verify it or by further
explaining the scientific approach described in the attractor)

Selection/exclusion based on signal word An answering option is chosen/excluded because of a signal
word (e.g., a word which is part of the item stem)

Selection/exclusion without a reason An answering option is chosen/excluded without providing a
reason related to the scientific problem; it may be argued that
the answering option seems to be logical or attractive, or the
decision may be result of a process of elimination

Categories for the skills formulating questions and generating hypotheses
Alternative scientific approach A distractor is chosen because it describes an alternative

scientific approach which is seen as more important
Irrelevant factor An answering option is excluded because the described

scientific question/hypothesis is seen as irrelevant for
the given scientific problem

Experimental testability impossible An answering option is excluded because the described
question/hypothesis is seen as scientifically not testable

Methodological understanding:
scientific question/hypothesis

An answering option is chosen/excluded and the provided
reasons reflect methodological understanding of scientific
question/hypothesis

Methodological understanding missing:
scientific question/hypothesis

An answering option is chosen/excluded and the provided
reasons reflect a lack of methodological understanding
of scientific question/hypothesis

Categories for the skill planning
investigations

Irrelevant design An answering option is excluded because the described
experimental design is seen as irrelevant for the given
scientific problem

Methodological understanding:
planning investigation

An answering option is chosen/excluded and the provided
reasons reflect methodological understanding of planning
investigations (e.g., principle Bvary-one-thing-at-a-time^)

Methodological understanding missing:
planning investigation

Categories for the skill analyzing data and drawing conclusions
Criticism of method A distractor is chosen because it describes criticism of the

experimental design without proposing a conclusion
Inappropriate interpretation An answering option is excluded because the described

conclusion is seen as inappropriate within the given
scientific problem (e.g., relation between variables,
proposed causality)

Methodological understanding:
analyzing data/drawing conclusion

An answering option is chosen/excluded and the provided
reasons reflect methodological understanding of analyzing
data/drawing conclusions (e.g., principle Bvary-one-thing-
at-a-time^)
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