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ABSTRACT

Teachers make a difference for the outcome of their students in
science classrooms. One focus in this context lies on teachers’
professional knowledge. We describe this knowledge according to
three domains, namely (1) content knowledge (CK), (2)
pedagogical content knowledge (PCK), and (3) curricular
knowledge (CuK). We hypothesise a positive relationship between
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these three domains and students’ performance in science.
Students’ science performance was conceptualised by system
thinking performance in the context of biology teaching. In order
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to test our hypothesis, we examined the relationship between the
knowledge triplet CK, PCK, and CuK and students’ performance.
48 biology teachers and their students (N=1036) participated in
this study. Teachers’ content-related professional knowledge and
students’ performance were measured by paper-and-pencil tests.
Moreover, we used concept maps to further assess students’
performance. By specifying doubly latent models, we found a
significant positive relationship between biology teachers’ PCK and
students’ performance. On the contrary, the results reveal no
relationship between CK and CuK and students’ performance. These
findings are discussed in respect to modelling the interrelationship
of teachers’ content-related professional knowledge and students’
learning in science, as well as concerning their relevance for further
research and teacher education programmes.

Introduction

The international large-scale study PISA (Programme for International Student Assess-
ment) (e.g. OECD, 2013; Schiepe-Tiska, Schops, Ronnebeck, Koller, & Prenzel, 2013)
shows that students’ performance in science in many European countries (e.g. Spain,
Norway, Hungary, Italy, Luxembourg, Portugal, and Sweden), in the U.S.A., and also in
other countries outside Europe (e.g. Israel, Mexico, and Chile) still needs improvement.
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Thus, one of the overarching aims in current science education research is the identifi-
cation of factors that could foster students’ performance in science.

It is well-established that teachers impact on the performance of their students (e.g.
Cochran-Smith & Zeichner, 2005; Darling-Hammond, 2000b; Hattie, 2009; Rivkin,
Hanushek, & Kain, 2005). Existing research indicates that teachers have a greater impact
on students’ performance (d =.32) than class size (d=.21) or school finances (d =.23)
(Hattie, 2009). Therefore, it is important to identify the characteristics of teachers (i.e.
knowledge, attitudes, and beliefs) that are crucial for effective teaching and students’ per-
formance. As teaching a particular subject matter is one of the core tasks of a science
teacher, content-related professional knowledge should be of great importance when asses-
sing teacher performance (e.g. Hashweh, 1987; Shulman, 1986; Tenorth, 2006). The impor-
tance of content-related professional knowledge is also reflected in standards for science
teacher education (KMK, 2008 [Germany]; NSTA, 2012 [U.S.A.]). Nevertheless, there is
no consensus on which domain of content-related professional knowledge most heavily
impacts students’ science performance (e.g. Lange et al., 2015; Sadler, Sonnert, Coyle,
Cook-Smith, & Miller, 2013). This study aims to contribute to the clarification of this
problem. We consider three domains of content-related professional knowledge: (1)
content knowledge (CK), pedagogical content knowledge (PCK), and curricular knowledge
(CuK) (Shulman, 1986), and investigate how they are related to students’ science perform-
ance. To our knowledge, this is the first study to consider CuK as a unique domain of tea-
chers’ content-related professional knowledge beyond CK and PCK. Moreover, it applies
doubly latent multilevel analysis to elucidate the meaning of content-related professional
knowledge for students’ performance, thus controlling for the hierarchical data structure,
measurement error, and sampling error in the best possible way.

Background
Conceptualisation of content-related professional knowledge

Teachers’ professional knowledge is described as the core of professionalism (Baumert &
Kunter, 2006). Shulman’s (1986) initial description of teachers’ professional knowledge
was a milestone for research on teacher effectiveness. He subsumed different knowledge
domains that form the body of knowledge that is necessary for effective teaching. He orig-
inally considered four domains of professional knowledge: (a) pedagogical knowledge
(PK), (b) CK, (c) PCK, and (d) CuK. PK is understood as the non-content-related
domain of professional knowledge, whereas CK, PCK, and CuK represent the content-
related domains of teachers’ professional knowledge. As teaching is a complex interplay
between the teacher, the subject, and the student (Hashweh, 1987), this study focuses
on content-related professional knowledge.

We engaged in the examination of the empirical structure of teachers’ content-related
professional knwoledge in a previous study (Grofischedl, Mahler, Kleickmann, & Harms,
2014) and found content-related professional knowledge to include CK, PCK, and CuK as
unique domains. (See the Methods section for more information about this analysis.)
Accordingly, the study at hand refers to (a) CK, (b) PCK, and (c) CuK as unique
domains of teachers’” content-related professional knowledge.

CK. CK is a domain of knowledge which is relevant both for teachers and for content
specialists. It not only covers factual knowledge (Ball & McDiarmid, 1989), but also offers
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a deep understanding of the structure of a specific domain (Shulman, 1986). This under-
standing includes knowledge about central concepts and principles as well as the knowl-
edge of how validity and invalidity are established (Shulman, 1986). Moreover, CK
concerns the awareness that a domain can be organised from different points of view.
Biology is a good example to illustrate these different theoretical organisations: it can be
understood not only as science of molecules, but also as science of ecosystems
(Shulman, 1986). This deep conceptual understanding of the content is necessary as the
provision of incoherent facts and information does not suffice to foster students in the
acquisition of CK (Ball & McDiarmid, 1989).

PCK. PCK was initially described to comprise two facets. First, it includes the knowl-
edge that allows the teacher to represent and formulate the subject matter in a manner
that makes it comprehensible to students (Shulman, 1986). Grossman (1990) further
described this first facet as the knowledge of instructional strategies. The second facet
of PCK includes knowledge of students’ (pre)conceptions (Shulman, 1986). Shulman’s
initial model was extended by additional facets, but most of the recent models differentiate
two common facets: (a) knowledge of instructional strategies for teaching and (b) knowl-
edge of students’ understanding (cf. Grof3schedl, Harms, Kleickmann, & Glowinski, 2015;
Lee & Luft, 2008; Park & Oliver, 2008; Schmelzing et al., 2013; Van Driel, Verloop, & de
Vos, 1998). We follow this broad body of research and consider PCK to comprise these
two facets.

The knowledge of instructional strategies for teaching includes the knowledge of subject-
specific strategies like, for instance, the triggering of a cognitive conflict. Moreover, it
covers the knowledge of topic-specific strategies. An example for such a topic-specific
strategy is the support of students’ understanding of a specific science concept (Magnus-
son, Krajcik, & Borko, 1999). The use of representations (e.g. illustrations, models,
examples, or analogies) is a very important aspect of this knowledge facet as they represent
an effective tool to support students’ learning (Magnusson et al., 1999; Shulman, 1986).
Beyond that, knowledge related to the implementation of subject-related activities (e.g.
experiments) is further important for this facet of knowledge (Magnusson et al., 1999).

The knowledge of students’ understanding as the second facet of PCK covers the knowl-
edge of the requirements of learning (e.g. required prior knowledge) as well as of learning
difficulties (e.g. knowledge of abstract concepts that could cause misconceptions) (Mag-
nusson et al., 1999).

What is important to keep in mind is that different studies consider different concep-
tualisations of PCK and thus have a different understanding of this knowledge domain.
Although we understand PCK to be separable from CK and CuK, other scholars do
not. Hill, Ball, Blunk, Goffney, and Rowan (2007) consider mathematical knowledge for
teaching, which comprises both CK and PCK within an integrated domain of content-
related professional knowledge. Moreover, several studies assume CuK as an integrated
facet of PCK (Grossman, 1990; Loughran, Milroy, Berry, Gunstone, & Mulhall, 2001;
Magnusson et al., 1999; Park & Chen, 2012). These different conceptualisations of PCK
have to be considered for the comparison of different studies.

CuK. Beyond CK and PCK, Shulman (1986) defined CuK as a further category of
content-related professional knowledge referring to the programmes and materials that
serve as ‘tools of the trade’ for teachers (Shulman, 1987, p. 8). Grossman (1990) expanded
this initial definition of CuK by adding knowledge of the subject’s goals, the articulation of



4 D. MAHLER ET AL.

topics, and the knowledge of the vertical curriculum (i.e. the topics that surround the
current topic). Furthermore, Magnusson and colleagues (1999) include the knowledge
of programmes and political regulations such as national educational standards. This
short overview of theoretical conceptualisations demonstrates that CuK is understood
in a very different manner depending on the different studies. Moreover, CuK is particu-
larly considered as an integrated facet of PCK in the available research and there is accord-
ingly a lack of research considering CuK as a unique domain. This vague understanding of
CuK makes it difficult to identify the core facet of CuK. We follow the latter understanding
of CuK (Magnusson et al., 1999) and focus on the knowledge of national educational stan-
dards for science education (KMK, 2010). This decision should not negotiate the relevance
of the other described facets, but is grounded in the crucial relevance of science standards
in the German educational system as well as in educational systems of several countries.
The disappointing results in international studies (OECD, 2013; Schiepe-Tiska et al., 2013)
and a lack of qualified trainees for scientific careers stress the need for the improvement of
science education. In order to deal with this problem, several countries implemented
science standards (e.g. ACARA, 2009 [Australia]; DfE, 2013 [Great Britain]; EDK, 2011
[Switzerland]; KMK, 2010 [Germany]; NGSS, 2013 [U.S.A.]). According to the findings
of recent research in science education, science standards consider mandatory abilities
that are necessary for a fundamental understanding of science (e.g. ACARA, 2009; DfE,
2013; EDK, 2011; KMK, 2010; NGSS, 2013). Moreover, science standards harmonise
the assessment standards and educational requirements within one country (Cortina &
Thames, 2013; EDK, 2011; KMK, 2010).

Content-related professional knowledge and students’ performance

To improve classroom teaching and science teacher education, we necessarily need to
know whether science teachers’ content-related professional knowledge affects the per-
formance of students and, if so, which domains impact student performance most
strongly.

CK is often identified as a construct related to different characteristics of effective teach-
ing. CK enables the effective cognitive activation of (Cochran & Jones, 1998; Darling-
Hammond, 2000b; Hashweh, 1987) and interaction with students (Leinhardt & Smith,
1985). Teachers with strong CK show flexible teaching strategies by avoiding textbook-
oriented teaching and considering learning difficulties (Hashweh, 1987). Moreover, CK
is assumed to be important for the design of well-structured and problem-oriented
lessons, considering adequate content-related learning environments (Baumert &
Kunter, 2006; Darling-Hammond, 2000b; Hashweh, 1987; Rowan, Chiang, & Miller,
1997; Shulman, 1986). Normative official documents (e.g. standards for science teacher
education) strongly stress the relevance of CK for teaching (KMK, 2008; NSTA, 2012).
Despite this broad theoretical base, empirical studies related to science and different
other school subjects show no consensus concerning the relationship between teachers’
CK and students’ performance. Some scholars did find an effect of CK on students’
science performance (Ohle, Fischer, & Kauertz, 2011; Sadler et al., 2013) or mathematics
performance (Baumert et al., 2010; Hill, Rowan, & Ball, 2005; Rowan et al., 1997). On the
contrary, other studies did not find an effect of CK on students’ science performance
(Lange et al, 2015) or students’ reading performance (Carlisle, Correnti, Phelps, &
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Zeng, 2009). A closer examination of the respective studies in part reveals methodological
issues. The first issue concerns the role of CK as a unique construct. In the study of
Baumert and colleagues (2010), CK and PCK are highly correlated. Hill and colleagues
(2005, 2007) refer to a domain of professional knowledge which is called mathematical
knowledge for teaching. Mathematical knowledge for teaching represents an integrated
construct which includes CK and PCK. Accordingly, it is difficult to infer conclusions
about the significance of CK as a unique construct from the results of these studies.
Second, Rowan et al. (1997) only refer to one item in their study. This very narrow oper-
ationalisation of CK in this study makes it difficult to infer general information about the
role of CK for students’ performance. Further research is needed to understand the
meaning of CK for students’ performance.

PCK is likewise theoretically described as important for student outcomes. Teachers
with a strong PCK are more likely to individually support their students (Kunter et al.,
2013) and to choose adequate tasks, representations, or demonstrations that are related
to the students’ everyday lives (Ball, Lubienski, & Mewborn, 2001; Magnusson et al.,
1999). Furthermore, PCK is positively related to students’ cognitive activation in the class-
room (Ball et al., 2001; Kunter et al., 2013; Magnusson et al., 1999). In addition, PCK helps
the teacher to decide which specific support is necessary to enable students to deal with a
given science concept and to survey prior knowledge, learning gains, and learning difficul-
ties (Ball et al., 2001; Magnusson et al., 1999). The impact of teachers’ PCK on students’
performance is supported by empirical studies related to mathematics (Baumert et al.,
2010; Fennema et al., 1996) and physics (Lange et al., 2015; Sadler et al., 2013).

Due to the important role of science standards for lesson planning and teaching (e.g.
ACARA, 2009; DfE, 2013; EDK, 2011; KMK, 2010; NGSS, 2013), we believe that CuK
also is an important domain to be considered when characterising an effective teacher.
As CuK is often not considered to be a unique domain of content-related professional
knowledge, empirical evidence regarding its impact on students’ performance is missing
from the literature. To our knowledge, this study is the first one to address this lacuna.

Students’ science performance

In our study, students’ science performance was conceptualised by the construct system
thinking in biology. The ability to understand systems and to use this knowledge for
solving scientific problems — summarised here as system thinking - is fundamental for
a meaningful understanding of science (e.g. Brandstddter, Harms, & Grofischedl, 2012;
Hannon & Ruth, 2000).

Biology is the science of living and open systems, which exchange matter, energy, and
information with their environment (Verhoeff, 2003). Dealing with biological systems is a
challenge for each student (Assaraf & Orion, 2005). Accordingly, one central task of
biology teachers is to support students in their system thinking abilities. The importance
of system thinking is reflected in different educational standards of many countries by
considering system as a superordinate concept (e.g. ACARA, 2009; DfE, 2013; EDK,
2011; KMK, 2010; NGSS, 2013). Several scholars, especially from geography and
biology education, study which abilities are necessary to be able to deal with systems.
Current definitions of system thinking (e.g. Assaraf & Orion, 2005, 2010; Evagorou, Kor-
fiatis, Nicolaou, & Constantinou, 2009; Riess & Mischo, 2010; Sommer & Liicken, 2010;
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Verhoeff, 2003) share two fundamental aspects: (1) the ability to organise the system’s
elements within a system’s framework and (2) the ability to understand the relationships
between these elements. Brandstddter and colleagues (2012) expanded this groundwork by
describing two domains of system thinking. The first domain - structural system thinking
— is defined as the ability to identify and connect the elements of a system, to organise
these elements in a reference framework, and to identify and draw system borders (Brand-
stadter et al., 2012; Sommer & Liicken, 2010). The second domain - procedural system
thinking — concerns the ability to differentiate between the properties of the system and
the properties of its elements, as well as the ability to identify dynamic relationships
and to understand and predict consequences of changes within a system. In addition, it
covers the understanding and evaluation of effects and reactions within a system (Brand-
stadter et al., 2012; Sommer & Liicken, 2010).

Research question

Our aim is to further clarify the relationship between the three domains of biology tea-
chers’ content-related professional knowledge and students’ science performance.
Hence, we address the following research question: How are biology teachers’ (a) CK,
(b) PCK, and (c) CuK related to students’ science performance?

Referring to the state of research (cf. Content-related professional knowledge and stu-
dents’ performance), we assume a positive relationship between CK and students’ science
performance. Likewise, we assume a positive relationship between PCK and students’
science performance. Moreover, we assume that the relationship between PCK and stu-
dents’ science performance is stronger than the relationship between CK and students’
science performance (Baumert et al., 2010). As science standards intend the improvement
of learning and teaching (e.g. ACARA, 2009; DfE, 2013; EDK, 2011; KMK, 2010; NGSS,
2013), we likewise hypothesise a positive relationship between CuK and students’
science performance.

Methods
Sample and procedure

Sample. A total of 48 biology teachers (75% female) participated in our study. The teachers
were on average 40.91 years old (SD = 11.02, min = 24 years, max = 64 years) and had on
average 11.58 years of teaching experience (SD = 10.46). The teachers were recruited from
different secondary schools in Northern Germany (Hamburg, Schleswig-Holstein). In
Germany, there is a distinction on the secondary level between schools qualifying their
students for an academic career (German Gymnasium; academic track; 54.2% of the par-
ticipating schools) or for a vocational career (German Hauptschule, Realschule,
Gesamtschule, Gemeinschaftsschule; non-academic track; 45.8% of the participating
schools). Accordingly, prospective secondary school teachers choose their teacher edu-
cation programme qualifying them either for academic track schools or for non-academic
track schools. In all, 58.3% of the participating biology teachers were certified for the aca-
demic track, 39.6% were certified for the non-academic track, and 2.1% held a degree
which is not related to teacher education (e.g. a master’s degree in biology). The
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biology teachers participated together with their 7th-grade (20.1%) and 8th-grade (79.9%)
students (N =1036, 50.6% female). The students were on average 13.5 years old (SD =
0.73).

Procedure. The participating biology teachers were recruited by telephone or mail. To
allow for testing, the relationship between teachers’ professional knowledge and students’
science performance of a science topic was selected that all participating teachers and stu-
dents had to deal with in the course of the study: the ‘ecosystem Wadden Sea” and the mor-
phology and life of Mytilus edulis (the Blue Mussel; respiration, development, nutrition,
predators, mussel farms, and fishing industry; for more details, see Fraune, 2014). This
topic is related to the environment of students from Northern Germany and represents
a common content in the local biology education programme.

First, the teachers were asked to complete paper-and-pencil tests measuring their CK,
PCK, and CuK. Subsequently, the teachers were requested to plan a short unit (four
lessons) on the above described topic ‘ecosystem Wadden Sea’. Students’ performance
was measured before and after being taught the unit ‘ecosystem Wadden Sea’ by their
teachers.

The integration of the particular teaching unit in our study was a precondition for con-
trolling for students’ prior knowledge in the following data analysis. We decided to
measure teachers’ content-related professional knowledge previous to the unit as we
were interested in the initial level of content-related professional knowledge when they
start to teach their students concerning the ‘ecosystem Wadden Sea’.

Measures

Teachers’ content-related professional knowledge. Biology teachers’ content-related pro-
fessional knowledge was measured using a paper-and-pencil test with the three subscales
(a) CK, (b) PCK, and (c) CuK.

For the assessment of teachers’ professional knowledge (especially for PCK), there is no
consensus in the literature concerning the adequateness of paper-and-pencil tests; both
qualitative and quantitative methods were used to measure teachers’ professional knowl-
edge. Qualitative approaches (e.g. interviews and lesson observations) have the advantage
that they provide detailed information (Ball, Thames, & Phelps, 2008; Depaepe, Verschaf-
fel, & Kelchtermans, 2013; Jiittner & Neuhaus, 2013; Park & Oliver, 2008; Peng, 2007; Van
Driel, De Jong, & Verloop, 2002). A disadvantage is the amount of time for both the assess-
ment and the analysis of the qualitative data. Thus, qualitative approaches are especially
appropriate for studies with a small sample (e.g. Davis, 2009; Peng, 2007). Several
studies with larger teacher samples successfully used paper-and-pencil tests to measure
teachers’ content-related professional knowledge (e.g. Baumert et al., 2010; Grof3schedl
& Harms, 2013; Hill, Schilling, & Ball, 2004; Jiittner, Boone, Park, & Neuhaus, 2013;
Schmidt et al., 2007). The advantage of the application of paper-and-pencil tests is the ade-
quate amount of time for the assessment as well as for the analysis of the data. In a paper-
and-pencil test, both closed- and open-ended items can be included. Open-ended items
give a more detailed insight into the mental processes of the teachers during answering
the items (Brandstddter et al., 2012; Schoenfeld, 2007). Nevertheless, open-ended items
have the disadvantage of a high amount of test time (i.e. applying open-ended items is
a demanding procedure for the teachers) as well as a time-consuming rating of the
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items (e.g. Lipton & Huxham, 1970; Walstad & Becker, 1994). Moreover, the subjectivity
of the raters could raise problems (Lipton & Huxham, 1970; Walstad & Becker, 1994). In
contrast, closed-ended items, as for instance multiple-choice items, are applicable in an
adequate amount of time also in large samples (Bacon, 2003; Lipton & Huxham, 1970)
so that more items can be included (i.e. providing a broader overview of teachers’
content-related professional knowledge) (Lipton & Huxham, 1970; Walstad & Becker,
1994). Both item formats were found to be adequate (e.g. Bennett, Rock, & Wang,
1991; Wainer & Thissen, 1993; Walstad & Becker, 1994).

As we deal with a larger sample, we used a paper-and-pencil test to measure teachers’
content-related professional knowledge. We decided for a mixture of closed-ended and
open-ended items depending on the domain of knowledge. Concerning PCK and Cuk,
we were interested in a more in-depth insight (e.g. into concrete lesson planning consider-
ations) and applied open-ended items, whereas CK was measured with closed-ended items.

The subscales for CK and PCK both referred specifically to the topic ‘Ecosystem
Wadden Sea’ focusing on the Blue Mussel. The subscale CuK addressed the entire
subject biology. Here we refer to the German National Educational Standards for the Inter-
mediate School Leaving Certificate in Biology (KMK, 2010). (See Table 2 for further infor-
mation about the measures and descriptive statistics. Appendix provides item examples.)

Ten per cent of the test booklets were randomly selected and the respective open-ended
items were separately coded by two researchers to estimate intercoder reliability (Wirtz &
Caspar, 2002). The intra-class correlation (ICC) coefficient was on average .97, which indi-
cates good intercoder reliability. We used the ACER ConQuest software (version 1.0.0.1;
Wu, Adams, Wilson, & Haldane, 2007) to analyse the data from the teachers’ paper-and-
pencil test. In order to estimate the person ability, we used the weighted maximum like-
lihood (WLE) method, which is, compared to maximum likelihood estimation, less biased
(Warm, 1989). We used the WLE scores for CK, PCK, and CuK for the following analysis.

Students’ science performance. In order to assess students’ system thinking as an
example of science performance, we used a paper-and-pencil test as well as concept maps.

Students’ system thinking is assessed using different methods such as interviews, video-
taping, paper-and-pencil tests (Assaraf & Orion, 2010; Evagorou, Korfiatis, Nicolaou, &
Constantinou, 2009), and concept maps (Assaraf & Orion, 2005; Brandstadter et al.,
2012; Sommer & Liicken, 2010). According to the large student sample, we decided to
apply a paper-and-pencil test with a mixture of closed-ended and open-ended items to
measure students’ system thinking. Moreover, as system thinking includes a conceptual
understanding of a system’s structure, concept maps are a promising method to
measure students’ system thinking (Brandstddter et al., 2012) and are considered as
further instrument in the study at hand. Concept maps are used to make internal
mental models visible (Yin, Vanides, Ruiz-Primo, Ayala, & Shavelson, 2005), and they
allow one to assess these mental models with regard to a conceptual understanding of
the given science content (Assaraf & Orion, 2005; Evagorou et al., 2009; Ruiz-Primo &
Shavelson, 1996). Concept maps consist of terms connected by labelled lines, which rep-
resent the relations between the concepts. Different concept mapping techniques are
applied in educational research; they are particularly determined by the medium used
(paper—pencil vs. computer-based) and the level of directedness (high vs. low) (Brandstad-
ter et al., 2012). In a highly directed setting, the students receive a set of concepts (e.g. Blue
Mussel or star fish) and relations (e.g. protect or feed). Brandstddter and colleagues (2012)
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identified the computer-based and highly directed method as most valid. Accordingly, we
chose this setting for the study at hand.

The paper-and-pencil test consists of the subscales (a) structural system thinking and
(b) procedural system thinking and was validated in a previous study (Brandstidter et al.,
2012). The subscales refer to the topic ‘Ecosystem Wadden Sea” focusing on the Blue
Mussel as well. We analysed the data analogous to the paper-and-pencil test measuring
biology teachers’ content-related professional knowledge (Grof3schedl et al., 2014). (See
Table 2 for further information related to the measures and descriptive statistics. Appen-
dix provides item examples.)

The students developed their concept maps using the software MaNET (Eckert, 1998).
Ten concepts (e.g. Blue Mussel; see Figure 1) and four linking words (e.g. protect; see
Figure 1) were given to the students.

The user interface contained the different concepts and the different linking words
shown in a pop-up window. The software MaNET (Eckert, 1998) was also used to
analyse the students’ concept maps. The underlying principle of the analysis is the com-
parison between a student map and a reference map. The reference map (see Figure 1) was
developed together with experts (science educators and biologists) as follows: we derived
the set of concepts from expert maps related to the topic Mytilus edulis in the ecosystem
Wadden Sea (e.g. development, enemies, and living). We used these concepts to develop a
new concept map, which was finally revised by the experts. The correspondence coefficient
(C) gives information about the similarity between concept maps (in this case, between the
reference map and the student map). The underlying principle is provided in Table 1.

Concepts Relations

larva protects

egg

eider duck
human
starfish

byssal thread becomes byssal thread protects
juvenile mussel protects
mussel bank creates \
mussel eats creates
plankton
protects \

creates

protects

creates ——— protects protects
juvenile mussel starfish r
creates —
eats
becomes mussel
creates becomes
creates
becomes protects protects

larva eats

creates

eats

Figure 1. Reference map with sets of concepts and relations.
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Table 1. Database for the correspondence coefficient C (translated; Eckert, 1998).

Map 1
0 1
Map 2 0 Poo Po1 Po+
1 P1o pPn P+
P+o P+ p

Note: poo=sum of corresponding concepts which are not connected in both maps; po; = sum of corresponding concepts
which are connected in map 2, but not in map 1; p;o= sum of corresponding concepts which are connected in map 1, but
not in map 2; p1; = sum of corresponding concepts which are connected in both maps; po, = sum non-connections in
map 1; p;,=sum of connections in map 1; p,o=sum non-connections in map 2; p,; = sum of connections in map 2;
p=sum of all possible connections.

Different levels of strictness can be applied to the data. The least strict level merely con-
siders the presence of a connection between two concepts (yes vs. no). Beyond that, the
medium strict level considers the selection of a relation from the given set of relations
(right vs. wrong). Finally, the strictest level additionally considers the direction of the
relation (right vs. wrong) (Eckert, 1998). We refer to the strictest level in our study.
The correspondence coefficient was weighted (C,) to take account of the fact that a
relation in a student map is more meaningful when the reference map has relatively
few relations (Eckert, 1998). Eckert (1998) recommends the weighted correspondence
coefficient when concept maps are compared with a reference map. The weighted corre-
spondence coefficient is estimated as follows (Eckert, 1998):

_ (W1CR + W2HIT — (W1FA + W2MISS))

C, =
v (W1p0 + W2pl +)
1 0
Note. W, = u; W, = PO+ (see also Table 1); HIT = correct connection; CR = correct
pO+ pl+

rejection; MISS = missing connection despite connection in the reference map; FA = con-
nection despite missing connection in the reference map (false alarm) (translated; Eckert,
1998).

We used the weighted correspondence coefficient for the following analysis.

Control variables. We applied two subscales of a cognitive abilities test (verbal, non-
verbal; KFT 4-12 R; Heller & Perleth, 2000) to control for cognitive abilities on the
student level (see Table 2). Cognitive abilities are an important predictor for students’ per-
formance (Boulanger, 1981; Hattie & Hansford, 1982; Piburn, 1993). The verbal subscale
refers to the relationships between words; the non-verbal subscale refers to figural
relationships. We used two versions of the test (A and B) to keep the students from
copying. Moreover, we considered students’ prior knowledge (performance in the
pretest). (See Table 2 for further information and descriptive statistics.) In addition, we
considered the school type. We distinguish between academic track schools and non-aca-
demic track schools (see Sample and procedure).

Psychometric properties of the measures. This section provides the psychometric prop-
erties of the applied measures on the teacher and student levels. We applied a Rasch analy-
sis to analyse the data. (See Grof3schedl et al., 2014 for a detailed consideration of the
psychometric properties for the measures for CK, PCK, and CuK.)

The items forming the measures for CK, PCK, and CuK had an acceptable item fit
(weighted mean square (WMNSQ)) ranging within 0.86-1.20. As displayed in Table 3,
the items discriminate adequately (range: 0.20-0.87). Item difficulties vary between easy



Table 2. Measures — descriptive statistics.

Measure N of items Scoring M SD Min  Max Reliability Facets of knowledge Reference
Measures on teacher level
CK 19 (closed) Dichotomous: 19.60 3.21 0 2 58° (a) Knowledge about Mytilus edulis (N=11) GroBschedl, Mahler,
N = 10; polytomous: (b) Knowledge about the ecosystem Wadden Kleickmann, and
N=9 Sea (N=4) Harms (2014)
(c) A general understanding of systems
(N=4)
PCK 9 (open) Dichotomous: N =0; 8.90 4.10 0 2 770 (a) Knowledge about instructional strategies ~ GroBschedl et al. (2014)
polytomous: N =4 for teaching (N=5)
(b) Students’ understanding (N = 4)
CukK 4 (open) Dichotomous: N=1; 2.92 2.01 0 2 92° Knowledge about the German national GroBschedl et al. (2014)
polytomous: N =3 educational standards for the intermediate
school-leaving certificate in biology
Measures on student level
System thinking 26 (22 closed Dichotomous: N=09; 19.04 (pre); 4.71 (pre); 0 2 .79 (pre), (a) Structural system thinking Brandstadter, Harms, &
and 4 open polytomous: 25.50 5.60 (post) 817 (post) (N=18) GroB3schedl (2012)
items) N=17 (post) (b) Procedural system thinking (N = 8)
Cognitive 20 (closed) Dichotomous: 11.19 4.25 0 20 76" (A), .81° Relationships between words Heller and Perleth (2000)
abilities — N = 20; polytomous: (B)
verbal N=0
Cognitive 25 (closed) Dichotomous: N = 25; 16.78 5.90 0 25 87° (A), .90° Figural relationships Heller and Perleth (2000)
abilities — polytomous: (B)
non-verbal N=0

Note: CK = content knowledge, PCK = pedagogical content knowledge, CuK = curricular knowledge; KFT = cognitive abilities test; dichotomous scoring: 0 = wrong, 1 = correct, polytomous scoring:
0=wrong, 1= half correct (partial credit), 2 = correct; reliability: ®= EAP/PV reliability, ® = Cronbach’s a.
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Table 3. Psychometric properties of the measures.

Item difficulty Discrimination WMNSQ
Scale Min Max Min Max Min Max n of items
K 0.31 0.88 0.20 0.50 0.93 1.09 19
PCK 0.42 0.54 0.54 0.70 0.86 1.09 9
CuK 0.26 0.51 0.60 0.87 0.86 1.20 4
System thinking pre 0.13 0.85 0.14 0.53 0.90 1.09 26
System thinking post 0.29 0.89 0.16 0.54 0.93 1.09 26

Note: WMNSQ = weighted mean square; EAP/PV = expected a posteriori/plausible value reliability.

and difficult and range from 0.26 to 0.88. Expected a posteriori/plausible values reveal ade-
quate reliability of the respective scales (range: 0.71-0.86). The items that were considered to
measure students’ system thinking have an adequate item fit (WMNSQ) ranging within 0.90
and 1.09 for the pretest and 0.93 and 1.09 for the posttest. Both easy and difficult items are
included in the measure. The item difficulty ranges from 0.13 to 0.85 for the pre-test and
from 0.29 to 0.89 for the post-test. As expected, the pre-test is more difficult compared
with the post-test. The items of the pre- and the post-test discriminated adequately; most
of them are in a range between 0.20 and 0.80 (pre: n of items = 23; post: n of items = 23).
(See Table 3 for detailed information about the psychometric properties of the measures.)

Statistical analysis

Dimensionality of biology teachers’ content-related professional knowledge. As a first step, it
is important to ensure that the three assumed domains of biology teachers’ content-related
professional knowledge (1) CK, (2) PCK, and (3) CuK are also empirically separable. In
order to do so, we conducted a Rasch analysis and compared different models. The first
model assumes biology teachers’ content-related professional knowledge to be one dimen-
sional. Accordingly, CK, PCK, and CuK are allocated to a single dimension. The second
model assumes biology teachers’ CK to be allocated to one dimension and biology tea-
chers’ PCK and CuK to be allocated to a second dimension. Finally, the third model
assumes biology teachers’ content-related professional knowledge to be a three-dimen-
sional construct, with CK, PCK, and CuK as unique dimensions. The Rasch analysis
shows that the three-dimensional model (deviance: 6502.98, AIC (Akaike’s [1981] Infor-
mation Criterion): 6620.98, BIC (Bayes” Information Criterion [Wilson, deBoeck, & Car-
stensen, 2008]): 6791.95) outperforms the one-dimensional model (deviance: 6713.86,
AIC: 6821.86, BIC: 6978.34) and the two-dimensional model (deviance: 6560.09, AIC:
6672.09, BIC: 6834.37). A y*-test was performed and reveals that the three-dimensional
model significantly outmatches the one-dimensional model, y*[2] =210.88, p <.05, and
the two-dimensional model, X2[2] =57.12, p <.05. Despite their separability, the three
domains are correlated. We found a high correlation between PCK and CuK (r=.70, p
<.001) and a medium correlation between CK and PCK (r=.48, p <.001) as well as
between CK and CuK (r=.35, p <.001). The detailed results are reported in Grof3schedl
et al. (2014).

Doubly latent model. To investigate whether biology teachers’ CK, PCK, and CuK are
predictive for students’ science performance, we specified a doubly latent model (Marsh
et al., 2009), which integrates a structural equation model and a multilevel model. In
this doubly latent model, the dependent variable (here: students” performance measured
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in the post-test) is added as a latent trait on both the individual and the class level. This
model controls for measurement error (sampling of items on both levels) and sampling
error (sampling of individuals in the aggregation from the individual to the class level)
(Marsh et al., 2009). We chose this method because of the hierarchical structure in our
data set. A hierarchical structure occurs when data measured on one level are clustered
in another level, for example, when individuals are clustered in groups (here: students
in classes) (Nezlek, Schroder-Abé, & Schiitz, 2006). As a result of the clustering, the obser-
vations are not independent. For a correct estimation of effects and standard errors, the
consideration of the hierarchical structure is necessary (Nezlek et al., 2006). We used
the software Mplus for this analysis (Muthén & Muthén, 2007).

In order to check whether specifying a doubly latent model is necessary for our data, we
specified unconditional models to decompose the variance of the dependent variable (stu-
dents’” performance in the post-test) into the proportion of variance lying within classes
and the proportion of variance lying between classes. As students’ system performance
is modelled as latent trait, separate unconditional models were computed for each indi-
cator: (1) structural system thinking, (2) procedural system thinking, and (3) system
thinking performance measured with concept maps. The estimation of the ICC shows
that (1) 27.3%, (2) 22.7%, and (3) 23.9% of the variance are located between the classes.
An ICC of .05 or even .01 (5% or 1% variance between the classes; Cohen, Raudenbush,
& Ball, 2003) is required for the consideration of a multilevel structure.

Asmentioned above, the dependent variable is considered as the latent trait on both levels.
The indicators of the dependent variable appear as latent variables on the class level, because
the variance between classes within these indicators (intercept modelled as random effect) is

track

CK

PCK

CuK

within (individual)

SST

pre

PST

pre

CM

pre

Figure 2. Multilevel model.

Note: CK = content knowledge, PCK = pedagogical content knowledge, CuK = curricular knowledge,
ST = system thinking, SST =structural system thinking, PST =procedural system thinking, CM =
concept mapping performance, KFT n=cognitive abilities non-verbal, KFT v = cognitive abilities
verbal, pre=pre-test, post= post-test, @ =intercept (DV on indicators) is modelled as random
effect, varying between classes.
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added as the latent variable on the class level (see Figure 2). To predict performance (post), (a)
CK, (b) PCK, and (c) CuK are added as independent variables on the class level.

Control variables. We considered control variables on both the individual and the class
level. On the individual level, we added students’ performance in the pre-test, which is
modelled as a latent trait analogous to the performance in the post-test. Moreover, we
added students’ cognitive abilities (verbal and non-verbal). On the class level, we added
the track (academic track vs. non-academic track) as a control variable. Figure 2 gives
an overview of the multilevel model.

Missing values. Our data set contains missing values (concept mapping perform-
ance pre: 11.7%, concept mapping performance post: 14.6%, cognitive abilities
verbal: 0.19%, cognitive abilities non-verbal: 0.78%). Instead of deleting cases with
missing values (list-wise deletion) which leads to a reduction of sample size and stat-
istical power (Peugh & Enders, 2004), we used multiple imputation to estimate the
missing values. Multiple imputation is applicable when values are missing completely
at random or missing at random (Rubin, 1976). First, 10 imputed data sets are gen-
erated, each including plausible values instead of the missing values. Multiple imputa-
tion accounts for uncertainty in the imputation of plausible values. The following
analysis is computed with each of these 10 data sets. Afterwards the estimates are
combined to get one result. We used Mplus to generate and analyse the imputed
data sets (Muthén & Muthén, 2007).

Results

To answer our research question, we investigated how the variance of students’ perform-
ance between classes, controlled for variables on the individual level and the class level, is
predicted by biology teachers’ content-related professional knowledge. In order to do that,
we specified different models.

Model 1 takes the control variables on the individual and the class level into account.
The results show that students’ performance in the pre-test is significantly positively
related to their performance in the post-test. Furthermore, there is a significant positive
relationship between students’ verbal and non-verbal cognitive abilities and their perform-
ance in the post-test. Model 2 considers biology teachers’ CK as a predictor for students’
performance. The results show that there is no relationship between biology teachers’ CK
and students’ performance. Consequently, adding CK to the model does not markedly
contribute to the explanation of variance on the class level when compared with Model
1. Model 3 considers biology teachers’ PCK as a predictor. The results show a significant
positive relationship between biology teachers’ PCK and students” performance. A com-
parison of Model 1 and Model 3 shows that PCK contributes to the explanation of var-
iance on the class level. Biology teachers’ CuK is considered as a predictor in Model 4.
No significant relationship occurs and no noteworthy additional amount of variance is
explained on the class level. The three domains of biology teachers’ content-related pro-
fessional knowledge are considered together in Model 5. Analogous to the other models,
the positive relationship between PCK and students’ performance remains significant,
whereas no significant relationships occur between CK as well as CuK and students’ per-
formance. As expected, this model is able to explain more variance than the models
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Table 4. Results of the multilevel analysis (standard errors in parentheses).

Parameter Model 1 (control variables) Model 2 Model 3 Model 4 Model 5

Individual level

Pre-test .83%** (05) .83%** (05) .83%** (05) 83*** (05) .83%** (05)

KFT verbal 14%** (03) 14%** (03) 14%** (03) 14%¥% (03) 14%%* (03)

KFT n-verbal 19%** (.04) 19%*% (.04) 19%** (.04) .19%*% (.04) 19%*% (.04)

R? 77 77 77 77 77

Class level

K .19 (.16) 11(15)

PCK 29*% (\13) .36% (.14)

CuK —.10 (.16) —.26 (.15)

Track 53%%* (15) 54%%*% (15) 52%%% (15) 52%¥* (15) 50%** (.15)

R? 28 31 36 29 42

Note: KFT = cognitive abilities test; CK = content knowledge, PCK = pedagogical content knowledge; CuK = curricular
knowledge.

*p <.05.

*p < 05.

w0k < 001,

considering a single domain of biology teachers’ content-related knowledge. Detailed
results are provided in Table 4.

Discussion

The aim of our study was to elucidate the meaning of biology teachers’ content-related
professional knowledge for students’ science performance.

Contrary to our assumption, the results show no direct relationship between biology
teachers’ CK and students’ performance. This finding is in line with other studies focusing
on language teachers’ (Carlisle et al., 2009) and primary science teachers’ CK, respectively
(Lange et al., 2015). However, other scholars did find such relationship (Baumert et al.,
2010; Hill et al., 2005, 2007; Ohle et al., 2011; Rowan et al., 1997; Sadler et al., 2013).
The studies which were able to find an effect are related to mathematics and physics. A
reason for the incoherent results could be the underlying biological topic of our
measure. It focuses on open living biological systems. To deal with open living systems,
students have to go beyond the acquisition of factual knowledge. This means that they
have to reconstruct knowledge in complex networks as well as understand interrelation-
ships and effects within a system. Obviously, mere CK does not suffice to support students
in the acquisition of system thinking abilities in biology. Open living systems are not in the
focus of mathematics and physics education. The review of the underlying physical topics
that were considered in the study of Sadler et al. (2013) as well as the mathematical items
that were applied in the Coactiv study (Baumert et al., 2010) or in the study of Rowan et al.
(1997) supports this assumption.

However, we do not assume that CK is completely irrelevant for students’” performance.
As CK is an important prerequisite for the development of PCK (e.g. Ball et al., 2001;
Grof3schedl et al., 2015; Krauss et al., 2008; Ma, 1999; Magnusson et al., 1999; Riese &
Reinhold, 2012), we suppose an indirect effect of CK on system thinking being mediated
by PCK. To clarify this, further studies are needed.

The positive relationship we found between PCK and students’ performance is in line
with the results of different studies related to mathematics teachers’ PCK (Baumert et al.,
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2010; Fennema et al., 1996; Kunter et al., 2013), physics teachers’ PCK (Sadler et al., 2013),
or primary science teachers’ PCK (Lange et al., 2015). As the conceptualisation of PCK in
these different studies is relatively similar to our study (e.g. due to the consideration of
students” misconceptions or instructional strategies), a more consistent picture compared
with the results related to CK seems plausible.

In addition, PCK is theoretically described as important for students’ performance (Ball
etal,, 2001; Kunter et al., 2013; Magnusson et al., 1999). Unlike CK, PCK seems to be effec-
tive in supporting students’ ability to face the complex demands described above, when
acquiring system thinking abilities.

As science standards intend the improvement of learning and teaching (e.g. ACARA,
2009; DfE, 2013; EDK, 2011; KMK, 2010; NGSS, 2013), we considered a positive relation-
ship between teachers’ CuK and students’ system thinking performance. Contrary to our
expectation, we found no relationship between biology teachers’ CuK and students’ per-
formance, indicating that CuK does not help students to acquire system thinking abilities.
System is a superordinate issue in these standards. Thus, we do not assume that biology
teachers’ CuK is completely irrelevant for students’ system thinking performance.

Although we consider CuK as a unique domain in the study at hand, we do not assume
that PCK and CuK are completely independent of each other. In other words, teachers
must be knowledgeable concerning the standards they should meet in their lessons. It
could be assumed that the knowledge of the German National Educational Standards
for the Intermediate School Leaving Certificate in Biology (KMK, 2010) helps the teacher
to identify difficult and abstract concepts as well as the relevant knowledge base and
necessary skills for the understanding of these concepts. Accordingly, an indirect effect
between CuK and students’ performance with PCK as the mediating variable can be
assumed. This interplay between CuK and PCK is supported by the result that CuK
and PCK are, despite their separability, correlated.

We hypothesise that an instrument which is more strongly related to the activity of
lesson planning, teaching, and assessment (i.e. the implementation of the educational stan-
dards in the daily teaching routine) would have given more information about the
meaning of CuK for students’ performance.

To summarise, our results indicate that PCK seems to be the driving force for the
improvement of students’ science performance. Moreover, they allow us to carefully
assume a relevance of PCK also for other teacher populations. System thinking abilities
are described to be likewise relevant for other science subjects beyond biology (Australia:
ACARA, 2009; England: DfE, 2013; Switzerland: EDK, 2011; U.S.A.: NGSS, 2013) and
geography (Rempfler & Uphues, 2012).

Limitations

Concerns are related to the instrument measuring CuK. This instrument basically refers to
factual knowledge about the German National Educational Standards for the Intermediate
School Leaving Certificate in Biology (KMK, 2010). These standards aimed a massive
change in educational requirements and assessment standards (KMK, 2005). To reflect
these changes, it is obviously not sufficient to measure only factual knowledge. A
measure which focuses more strongly on the implementation of the standards would
have been more applicable.
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Our study was conducted in a cross-sectional setting. Due to this, it is not possible to
draw causal conclusions concerning the relationship between biology teachers’ content-
related professional knowledge and students’ system thinking performance. A longitudinal
design would help to solve this methodological issue.

A further remark is related to the application of the measure for teachers’ content-
related professional knowledge. As mentioned in the ‘Methods’ section, we measured tea-
chers’ CK, PCK, and CuK previous to the four lessons the teachers conducted. We did this
in order to measure the initial level of content-related knowledge the teachers referred to.
Nevertheless, it would have been fruitful to measure teachers’ content-related professional
knowledge also after the teaching unit to consider the change in teachers’ content-related
professional knowledge.

Implications
Implications for further research

The findings concerning CK and its meaning for students’ performance are inconsistent in
recent research. Although we did not find a relationship in our study as well, we do not
assume that CK is irrelevant for students’ performance. Further exploration is needed.
A topic for further research is to explore whether a certain level of CK is necessary to
foster students’ performance. This question leads to two assumptions. On the one hand,
it could be assumed that CK is only effective until a certain level is reached (Darling-
Hammond, 2000b). Apart from that, CK has no additional effect on students’ perform-
ance. Thinking the other way round, only teachers with a well-developed CK could be
effective in influencing their students’ performance. Comparing teacher groups with
different levels of CK would contribute to the clarification of this issue. A larger teacher
sample would have been necessary in order to compare groups in a multilevel design.

CuK as a unique category of content-related professional knowledge has been neglected
in research so far. Given that many countries have moved to develop and implement edu-
cational standards (e.g. ACARA, 2009; DfE, 2013; EDK, 2011; KMK, 2010; NGSS, 2013),
further research into the influence of CuK on student performance is warranted. To get an
in-depth understanding about the meaning of CuK for students’ performance, the devel-
opment of a more applicable instrument is necessary. This instrument should combine
factual knowledge about the official requirements formulated in the standards and the
implementation of these standards in teaching and assessment. It should be easily adapt-
able to the different requirements in the different countries.

Our analysis focused only on direct effects, but it would be fruitful to consider possible
indirect effects in the model. As CK is identified as important for the development of PCK
(e.g. Ball et al., 2001; Grofischedl et al., 2015; Krauss et al., 2008; Ma, 1999; Magnusson
et al., 1999; Riese & Reinhold, 2012), we assume an indirect effect of CK on students’ per-
formance mediated by PCK. A further possible indirect relationship concerns the relation-
ship between CuK and students’ performance. As CuK could be assumed to be a precursor
for PCK, it would be interesting to consider an indirect relationship between CuK and stu-
dents’ performance including PCK as a mediator. This would further clarify the role of
CuK for effective teaching. As we have a relatively small teacher sample and as PCK and
CuK had been simultaneously measured, we were not able to test this assumption in the
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framework of our study. To further understand the meaning of teachers’ content-related
professional knowledge and its significance for students’ performance, it would be interest-
ing to add the quality of lesson planning as a mediator. A large proportion of students’
learning process is situated in the respective lessons and the preparation of these lessons
is thus an important determining factor for the quality of the lessons. Several studies
give hints that at least CK (Baumert & Kunter, 2006; Rowan et al., 1997; Shulman,
1986) and PCK (Ball et al., 2001; Magnusson et al., 1999) are important for effective
lesson planning. We assume also CuK to be relevant in this regard. In order to investigate
this indirect relationship, participating teachers should provide detailed information about
their lesson planning (e.g. grids for an overview of the structure of a lesson, information
about the aims of the lesson, and allocation of these aims in the educational standards).

The activity of teaching was not observed in our study. More qualitative approaches
such as lesson observations (e.g. videotaping) could have given a deeper insight on how
CK, PCK, and CuK are reflected in the activity of teaching. Doing this could contribute
to the clarification of the role of CK and CuK for students’ achievement.

It is clearly stated in the literature and supported by our findings that the teacher plays
an important role for the performance of students. It would be fruitful to expand the
model to further investigate which aspects besides content-related professional knowledge
are important for students’ science performance. Non-content-related professional knowl-
edge (e.g. PK) and motivational orientations (e.g. teacher enthusiasm) are promising pre-
dictors to further clarify the teachers’ role for students” system thinking performance in
biology.

Implications for teacher education

The professionalisation of teachers is important to ensure quality within educational
systems (e.g. Ashton & Crocker, 1987; Baumert & Kunter, 2006; Darling-Hammond,
2000a; Evertson, Hawley, & Zlotnik, 1985; Grossman, 1990; Lipowsky, 2006). As our
study confirms that PCK has an impact on students’ science performance, the acquisition
of PCK in pre-service and in-service science teacher education should be strengthened.
Pre-service teacher education at a university particularly aims at the acquisition of tea-
chers’ content-related professional knowledge (KMK, 2008) and represents a very impor-
tant phase for its development (Kleickmann & Anders, 2013; Schmidst et al., 2007; Tatto &
Senk, 2011). Hence, arguing for the support of PCK-related courses during teacher edu-
cation at a university is mandatory. The consideration of the acquisition of CK is of
further importance, as CK is described as an important prerequisite for the development
of PCK (e.g. Ball et al., 2001; Grof3schedl et al., 2015; Krauss et al., 2008; Ma, 1999; Mag-
nusson et al., 1999; Riese & Reinhold, 2012). This assumption is supported by the finding
that academic track teachers, who received - compared to non-academic track teachers - a
higher amount of CK training but a comparable amount of PCK training, score higher
concerning both CK and PCK (Baumert et al., 2010; Krauss et al.,, 2008). This inter-
relationship between CK and PCK during the development of PCK points towards poss-
ible benefits of integrated courses. These courses should provide the opportunity to
acquire CK related to a certain science topic and to simultaneously acquire knowledge
about the integration of this science topic in lessons as well about possible learning diffi-
culties (i.e. PCK related to a certain science topic). As teaching experience acquired during
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practical phases in teacher education at a university is found to be beneficial for the devel-
opment of PCK (Grofischedl et al., 2015), the implementation of more compulsory prac-
tical phases and more possibilities for voluntary commitment in school could be further
beneficial for the improvement of teachers’ PCK.

Also in-service teacher education provides fruitful opportunities for the development of
PCK (e.g. Brunner et al., 2006; Clermont, Krajcik, & Borko, 1993). Several scholars exam-
ined the effectiveness of different formats of professional development courses. Due to
their findings, different implications for the organisation or possible content of such
courses can be inferred. Clermont and colleagues (1993) found that chemistry teachers’
PCK benefits from intensive professional development (here: a two-week summer work-
shop) with a combination of both theoretical and practical phases. Concerning possible
content of professional development courses, the reflection of own teaching practice
and the teaching practice of colleagues (e.g. using videos of the respective lessons) have
been identified as meaningful for the development of science and biology teachers’ PCK
(Magnusson et al., 1999; Rozenszajn & Yarden, 2014). Furthermore, workshops that
aim at supporting teachers in integrating new teaching methods and materials in their
lessons are found to support PCK of biology teachers (Rozenszajn & Yarden, 2013).
Knowledge of students’ understanding represents an important facet of PCK (e.g.
Shulman, 1986). To foster teachers’ PCK, Magnusson and colleagues (1999) recommend
the consideration of teachers” own understanding of specific science concepts and learning
difficulties in professional development courses.

Conclusions

The aim of this study was to investigate the meaning of the different domains of teachers’
content-related professional knowledge for students’ performance in science. Both the con-
sideration of CuK as a unique domain and the conduction of a doubly latent multilevel analy-
sis are new in this field of research. An additional strength of our study is that we were able to
gather a deep insight into students’ performance by using concept maps in addition to the
paper-and-pencil test. Our results support the relevance of teachers’ PCK and indicate
that merely CK is not enough to foster students’ performance in science. This supports
the special role of the science teacher, in contrast to a scientist, for students’ performance.
Moreover, our study illustrates the relevance to further consider CuK in research.

Students’ science performance is a function of multiple factors, both individual and con-
textual ones. Contrary to relatively stable factors such as socio-economic status or cognitive
abilities, the ‘science teacher factor’ is malleable and can be positively influenced particularly
by teacher education (e.g. content-related professional knowledge [Grof3schedl et al., 2014]
and motivational orientations [Mahler, Grof3schedl, & Harms, submitted for publication]).
This implies that students’ science performance could be actively improved by considering
science teachers and their education as important parameters.
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Appendix. Item examples

Teacher level (Grofischedl et al., 2014)
Content knowledge (CK)
Which of the following statements relating to the shell structure of molluscs are correct?

The shells of molluscs are structured in three layers.

The shells of molluscs consist of a dense epithelial layer.

The shells of molluscs consist of an organic lipid layer and an inner nacre layer.

The shells of molluscs contain an organic glycoprotein layer, an outer prism layer, and an inner
nacre layer.

ooOod

Pedagogical content knowledge (PCK)

In the lesson before, 8th-grade students have learned that blue mussels need water to be able to
breathe.

Please create a short outline for a problem-oriented beginning of a lesson with the topic ‘survival of
the blue mussels during low tide’.

Curricular knowledge (CuK)

In the national educational standards for the intermediate school-leaving certificate in biology
(KMK, 2010), three basic concepts indicate the substance dimension of the competences.

Please name the three basic concepts.

Student level (Brandstadter et al., 2012)

Structural system thinking

Why do mussels filtrate sea water?

[] to clean their bodies
[0 to breathe

O to filtrate food

[0 to move

Procedural system thinking
Oysters do not feed on mussels and do not kill them. Why are they still so threat-generating for
mussels?
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