Chapter 47
Competence in Science Education

Alexander Kauertz, Knut Neumann, and Hendrik Haertig

For more than 50 years, the idea of competence has been discussed in science
education and psychology to describe different kinds of capability to master a certain
domain (Winterton et al. 2005). It can be used to describe the outcome of school
education (Hartig et al. 2008) — such variables include emotional, volitional, cogni-
tive aspects, required skills, abilities, and attitudes (Weinert 2001). However, it is a
difficult concept to grasp as it can be investigated from many perspectives (Csap6
2004). Therefore, to come to a measurable construct we limit our view on compe-
tence to a cognitive perspective, as many researchers in this field do (Hartig et al.
2008), and leave out motivational aspects which were originally stressed by Robert
White (1959).

Theoretical Perspectives on Competence

Science competence is understood as the underlying cause of successful or unsuccessful
performance (Chomsky 1965), respectively, in the domain of science (Connell et al.
2003). For example, Dominique Rychen and Laura Salganik (2003) describe key
competencies for future success in society. Willis Overton (1985) shows that the
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relation of competence and performance is influenced by many other variables of
the situation and the person (cf. Bandura 1990). For example, the choice of men-
tal models (Bao and Redish 2006) and argument (Zimmermann 2005) is dependent
on the situation. The performance in tests is dependent, for example, on the time or
the choice of items (Kalyuga 2006).

To increase the likelihood of a successful performance through teaching is an
underlying idea in education (Csapd 1999). Since competence influences perfor-
mance, many fields of science education are related to competence (Adey et al.
2007). In the following, we will outline fields related to competence, and how this
contributes to the idea of applying structured knowledge (Albert 1994). The aim
is to develop a model of competence (cf. Pellegrino et al. 2001) by linking intel-
ligence, problem solving, and knowledge (Glaser 1983). Csapé describes a per-
son’s ability to perform successfully in terms of three aspects (Csapé 2004): the
cognitive aspect, the content aspect, and the literacy aspect as “the broadly appli-
cable and social valuable knowledge” (Csapd 2004, p. 35). We will use these
aspects to structure our discussion of the different fields, as it implements the idea
of competence as a mixture of general and specific abilities and knowledge
(Winterton et al. 2005).

Cognitive Aspect

Intelligence is a parameter summarizing general cognitive abilities and providing a
measure for them (Lauren Resnick 1976). It is thought to be more or less indepen-
dent from domain and content (Adey et al. 2007). However, David McClelland
(1973) shows that intelligence has only limited importance in describing success-
ful performance in a specific domain. He suggests that a theory of competence
would result in a list of activities used by successfully performing individuals
(McClelland 1973).

Such a theory could be the taxonomy of Benjamin Bloom (1956). It is one exam-
ple of models that rank abilities by cognitive processes with the transfer process as
the most demanding one (Klauer 1989). It was further elaborated by Lorin Anderson
and David Krathwohl (2001), who rank activities by analyzing which abilities are
needed to perform successfully in the respective activities.

Another option would be the expert and novice paradigm. Experts can be dif-
ferentiated from novices by the problem-solving strategies they have at hand
(Boshuizen et al. 2004). That is, these strategies are part of their competence
(Sternberg and Grigorenko 2003). With cognitive load theory (Sweller 1994) it can
be argued that the limited capacity of the working memory requires an elaborated
knowledge structure to solve complex problems. Problem solving as a cognitive task,
therefore, can be discussed under the perspective of general strategies (e.g., Dossey
et al. 2004) as well as under a science-specific perspective considering science
knowledge (Klahr and Dunbar 1988). In a nutshell, problem-solving tasks require a
general and science-specific competence.
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Content Aspect

In order to measure content-specific abilities, first of all the related content has to be
described and structured (Albert 1994). School science content typically includes
knowledge, typical procedures in science like modeling and experiments, or argumen-
tation, and meta-knowledge about nature of science and scientific inquiry. Curricula
and educational standards are the basis for the selection of content and the description
of desired competencies. And despite every nation defining its own curriculum, there
is an overlap in the choice of content and competencies (Parker et al. 1999).

The knowledge base of science is represented by mental models based on scientific
theories and models that should be learned by students (Gentner and Stevens 1983).
The structure of those mental models is described for many concepts in science, for
example, for matter and its transformation (Andersson 1990), for energy (Lijnse
1990), or for mechanical waves (Wittman et al. 1999). These mental models are based
on concepts whereby students’ concepts might differ from scientific concepts of the
same issue (Carmichael et al. 1990). Concepts and mental models are structured by
the big ideas of science which are often described as basic concepts in science, for
example, energy (Dawson-Tunik 2006) and matter (Liu and Lesniak 2006).

The role of experiments for school science is well investigated and widely dis-
cussed in science education (Lunetta 1998). Experiments are part of scientific work-
ing and therefore embedded into scientific inquiry which is seen as essential for
learning science (Minstrell and van Zee 2000). Experiments are used for argumen-
tation and reasoning in science (Zimmermann 2005) fostering communication skills
(Saab et al. 2007) and logical reasoning (Nunes et al. 2007). In this context analo-
gies are used for modeling phenomena (Pauen and Wilkening 1997) or for illustrat-
ing certain concepts, for example, force (Palmer 1997).

Meta-knowledge, which is beliefs and knowledge about knowledge in a certain
domain (Bromme 2005), is also part of science content in school (cf. American
Association for Advancement in Science (AAAS) 1993; National Research Council
(NRC) 1996). Meta-knowledge is described as the nature of science and, for example,
the role of experiments in the scientific discovery process rather than the “how-to”
of experiments. Nature of science allows for judging scientific findings and is useful
for participation in adult life (Lederman et al. 2002).

Literacy Aspect

The Programme for International Students Assessment (PISA) refers to the concept
of scientific literacy as an internationally consensual aim of education (Organisation
for Economic Co-operation and Development (OECD) 1999). Scientific literacy is
understood as a set of competences to be acquired as a result of education (Bybee
1997) and is substantially different from a scientist’s competence (OECD 1999). As
the main difference, competence in the notion of scientific literacy requires detaching
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the content from the context. Although content is learned in specific situations, the
ability to transfer is the main aspect of competence (Csapé 1999); that is, the ability to
apply strategies in various contexts (Garner 1990) and to use mental models in differ-
ent settings (Lijnse 1990). However, this is sometimes not even achieved by adults
(Murray et al. 2005). This is due to the difficulty in transferring between domains
(Roth 1979). Still, competence as the ability to detach science content from situations
is seen as important for full participation in adult life (Connell et al. 2003).

In a more formal way and closer to the original meaning of Csapd’s literacy
aspect, an individual’s literacy can be described by complexity. While complexity
can be used with a rather qualitative meaning to distinguish between higher or lower
cognitive processes (Kail and Pellegrino 1989) or reasoning and acting (Zelazo and
Frye 1998), complexity can also be used to describe a hierarchy of structures within
a system (Commons 2007). Since scientific knowledge could be seen as such a sys-
tem with an inner structure (Gagné and White 1978), complexity can be used to rank
solving processes (Williams and Clark 1997), compare different knowledge struc-
tures (Nicolis and Prigogine 1987), or describe different levels of the knowledge
structure (Kauertz and Fischer 2006). The structure of knowledge is made up of ele-
ments, for example, scientific facts which are linked together by functional relations
(Novak 1998). This structure represents basic concepts in science such as energy and
system. Because basic concepts include a large number of scientific facts and rela-
tions (cf. Resnick and Ford 1981), an individual’s literacy is represented by the level
of complexity on which the person can deal with the particular basic concepts.

Definition of Competence

The notion of competence as a developable capacity to detach science-specific cog-
nitive processes and knowledge from one situation and apply it to scientific prob-
lems in a social setting is described by the Organization for Economic Cooperation
and Development (OECD) in terms of scientific literacy:

Scientific literacy is the capacity to use scientific knowledge, to identify questions and to
draw evidence-based conclusions in order to understand and help make decisions about the
natural world and the changes made to it through human activity. (OECD 1999, p. 60)

This definition embraces all considerations described earlier and names possible
indicators, such as uses knowledge, identifies questions, draws conclusions, and so
on, to identify competence by large-scale assessment.

A Measurement Perspective on Competence

Competence as a multifacet variable (Csapd 2004) makes it necessary to define an
inner structure of competence (Mislevy et al. 2002). This structure hypothesizes
differences between specifications of competence which are theoretically caused by
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different content, for example, basic concepts, different cognitive activities, and
different levels of competence or literacy. The structure can be illustrated by a list
of abilities or by a grid; whereas in every cell of the grid specific abilities, skills, and
so on are listed, classified by the assumed difference between those activities. Such
a grid is not necessarily limited to two dimensions but could also have three dimen-
sions, which would mean a cube, or even more than three dimensions. Since the lists
of activities in each cell might be too long or unclosed, the cells could be described
by the dimensions. Such dimensions could be the content as the first dimension,
whereas any basic concepts make up one row, and as second dimension cognitive
activities, with, for example, applying and transfer making up the columns. Each
cell is then defined by a basic concept and a cognitive activity, for example, energy
and applying. In this cell any ability would be registered that requires the applica-
tion of the energy concept. Using this grid, the competence is structured in a com-
petence model. The link between the competence model and the items of the test is
established by task analysis (Jonassen et al. 1999). As a result of task analysis, each
item can fit in one cell of the grid that represents the competence model.

Competence Models

Those models can be post hoc (e.g., OECD 1999, 2001) or a priori (e.g., Neumann
et al. 2007) defined models. From a theoretical perspective, the a priori defined
models are more valuable (Wilson 2005) since they are empirically testified,
while post hoc models are informative for identifying possible critical elements
of tasks (e.g., OECD 1999, 2001) but could fail to be reproduced in the next test
(Klieme 2000). A sound a priori model as a basis for the test helps to validate its
results, as the example of the force concept inventory illustrates (Hestenes and
Halloun 2005).

The competence model for the PISA study was made up of two dimensions:
scientific processes and content in an area of application. The dimension of pro-
cesses contained five different processes; for the scientific concepts 13 major
scientific themes with 13 areas of application were chosen. Each theme was com-
bined with one area of application. Every cell in this grid (see Fig. 47.1) was
described, for example, “[r]Jecognising scientifically investigable questions using
knowledge of human biology applied in the area of science in life and health”
(OECD 1999, p. 660).

Validity of Competence Measurement

Multidimensionality of most competence models makes it difficult to prove their
validity. Different kinds of validity need to be considered (Wilson 2005): validity
concerning the assumed inner structure, that is, there are as many different
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Five scientific processes

Thirteen major scientific themes and areas of application

One element of competence, e.g.,
“Recognising scientifically investigable
questions using knowledge of human
biology applied in the area of science in
life and health” (OECD 1999, p. 66)

Fig. 47.1 The PISA competence model

dimensions as considered in the a priori model (Hestenes and Halloun 2005); and
validity concerning the goal of the assessment, that is, the test measures compe-
tence comparable to the PISA tests (cf. Pellegrino et al. 2001). Usually those
questions are already considered during test development by the underlying model
(Harmon et al. 1997) and tested with the empirical data by comparing the empiri-
cal structure with the theoretical structure (e.g., Acton et al. 1994). While compe-
tence models have a complex structure, and competence and performance are
merely linked by a certain probability moderated by many random influences
(e.g., the context; Bao and Redish 2006), a large number of test items and large
sample sizes are needed.

Since large-scale competence assessment needs many items, sophisticated statis-
tical procedures like the item-response theory (IRT) are required (cf. OECD 2001).
The IRT allows for computing a student’s probability for solving items of a certain
difficulty and therefore combines the values of student competence and item diffi-
culty on the same scale (van der Linden and Hambleton 1996). Then one item could
illustrate the competence of all students with a score equivalent or below the value
of the item. Therefore, the relation between items and students can be scrutinized
and the underlying structure of the item sample (which in fact is the competence
model) and student sample characteristics (which could include gender, age, social
background, and so on) can be investigated (cf. Rost 1990).
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Relevance of Results from Large-Scale Competence Tests

The relation between competence models and teaching is rather vague. Although
competence measurement focuses on the results of learning, the underlying
model cannot tell the teacher how to promote learning in the learning group.
The model is rather a structure for reachable learning goals. More often, the results
of large-scale-competence assessments cannot be related to individuals or even
classes since the individuals’ measurement errors are out of scale.

Therefore, competence measurement is more informative for educational
administration considering the complete educational system (e.g., OECD 1999,
2001). For example, in Germany the results of the Programme for International
Student Assessment (PISA) led to a major change in the educational system and the
establishment of national education standards (KMK 2004). By comparing nations
based on the competence of their students the further development of the economy
should be ensured (OECD 1999), and social chances become comparable and can
be ensured as well (Millar 2004).

Empirically testified competence models can also inform curriculum develop-
ment (Driver et al. 1994). Competence models could be a reference point to com-
pare curricula (Kumar and Berlin 1998) and cut them down to relevant aspects, or
to develop international curricula (Parker et al. 1999).

Future Research Perspectives on Competence

Because the results of large-scale assessments could not inform teachers about the
individual’s developmental competence level, an individual diagnostic tool for
teachers and researchers is needed (Hartig et al. 2008). This would require more
detailed models taking different methods of development into account.

The performance in social settings and competence needs to be investigated as a
matter of validity. As different studies showed (Lijnse 1990; Rychen and Salganik
2003), the context strongly influences the relation between performance and com-
petence. One aspect could be a linkage between science competence in school and later
vocational competence (Rothwell and Lindholm 1999). Since competence in terms
of scientific literacy is meant to allow successful participation in society (OECD
1999, 2001) and this seems not to be sufficiently reached (cf. Murray et al. 2005),
the long-run effect of increasing competence is worthy of investigation.
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