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Structured Abstract

Background: Developing scientific reasoning competencies that enable students to understand how scientific
knowledge develops is considered an important goal of science education. Thus, the literature recommends engaging
students in scientific experimentation and reflecting explicitly on the procedural and epistemic knowledge involved.
However, science teachers in middle schools often do not provide enough opportunities for their students to improve
their scientific reasoning competencies. This lack of learning opportunities seems to be a consequence of teachers’
professional competence in this area not yet being sufficiently developed. Therefore, the call for effective and
continuous professional development (PD) programs has been made.

Purpose: The planned PD program is intended to (1) foster science teachers’ professional competence, (2) enhance
classroom practice, and (3) improve student outcomes related to scientific reasoning. The study firstly aims to measure
all three kinds of effects of the PD program. Secondly, the study aims to identify learning pathways and learning
obstacles in the teachers’ implementation of explicit instruction in experimentation.

Sample/setting: In total, 20 in-setvice biology teachers from the federal state of Schleswig-Holstein in Germany who
are teaching in classes from Grade 5 to Grade 10 will be recruited to take part in the PD program. The PD program
adopts content-related design features (e.g., developed lessons, modeled inquiry) that, from our point of view, can be
considered as specifications of the more generic design of effective PD programs (e.g., content focus, active learning).
Design and Methods: A pre-post-follow-up study is planned to evaluate the effect of the PD program on teachers’
content knowledge (CK) and pedagogical content knowledge (PCK), as well as on teachers’ beliefs and their self-
efficacy towards teaching experimentation. Furthermore, we aim to capture changes in classroom practice via direct
observation. For the student outcomes, we will take scientific reasoning competencies and motivation into account
and compare the development with a comparison group. Learning pathways and obstacles will be identified through
the qualitative analysis of observation protocols, transcripts from the videotaped lessons, lesson plans, and other
qualitative data derived from the PD program.

Conclusions: Few studies to date have examined the effect of a PD program on teachers’ professional competence,
classroom practice, and student outcomes. The present study aims to contribute to closing this research gap.
Furthermore, knowledge about teachers’ learning pathways and obstacles to implementation will provide insights into
how to better support science teachers with a PD program that aims to improve students’ scientific reasoning
competencies through explicit instruction in experimentation.
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1 Introduction

Most of the challenges today’s societies face (e.g., climate change, anti-scientific information, or—recently—the
COVID-19 pandemic), as well as many issues individuals face in their everyday lives (e.g., vaccination, nutrition, electric
mobility), are closely related to science (Hameleers & Van der Meer, 2021; Sharon & Baram-Tsabari, 2020). Developing
scientific reasoning competencies that enable students to understand how scientific knowledge develops and to
critically evaluate scientific findings is therefore considered an important goal of science education (KMK, 2020; NRC,
2012; OECD; 2017). To achieve this goal, science teaching should not only emphasize content knowledge but also,
explicitly, procedural knowledge (knowing bow) and epistemic knowledge (knowing why) (Krell et al., 2022; Osborne,
2014; Vorholzer et al., 2020). One way to address scientific reasoning competencies in science instruction is through
experimentation (Kind & Osborne, 2016). However, science teachers in middle schools often do not provide enough
opportunities for their students to improve their scientific reasoning competencies through experimentation (Bussing
et al,, 2022; Capps & Crawford, 2013). This is critical because students are not gaining the competencies necessary to
meet current and future challenges.

It is reasonable to assume that science teachers’ professional competence plays a key role in providing students with
appropriate learning opportunities (Capps & Crawford, 2013; Lederman & Lederman, 2019). One component of
teachers’ professional competence is their professional knowledge. Teachers’ professional knowledge can positively
influence the quality of classroom practice (Kelcey et al., 2019; Kind et al., 2022). In terms of scientific reasoning, it
has been shown that science teachers who have comprehensive professional knowledge about experimentation are
more likely to provide appropriate learning opportunities for their students (Capps et al., 2012). Another component
of teachers’ professional competence is their beliefs (Baumert & Kunter, 2013a). Teachers’ beliefs could explain a lack
of classroom practice that promotes experimentation and makes procedural and epistemic knowledge explicit
(Enzingmiller & Prechtl, 2021; Petermann & Vorholzer, 2022). Given the need to foster science teachers’ professional
competence to enable them to enhance their classroom practice and to improve students’ outcomes related to scientific
reasoning, the call for effective and continuous professional development (PD) has been made (Capps et al., 2016;
Osborne et al., 2022).

As a result of research in the field of teachers’ PD, researchers have reached an evidence-based consensus on a set of
generic design features that PD programs should have in order to be effective (e.g., Darling-Hammond et al., 2017,
Desimone, 2009; Lipowsky & Rzejak, 2019). Furthermore, the literature describes content-related design features of
effective PD programs for inquiry-based teaching (Capps et al., 2012; Ramnarain et al., 2022). For this study, we used
these content-related design features to design a PD program that is intended to foster science teachers’ professional
competence, enhance classroom practice, and improve student outcomes related to scientific reasoning.

In recent years, many studies have examined the effect of PD programs on either teachers’ professional competence,
classroom practice, or student outcomes. However, studies that have considered all three kinds of effects are rare
(Gess-Newsome et al., 2019; Lipowsky & Rzejak, 2019). This room for improvement applies in particular to PD
programs related to experimentation (Ramnarain et al., 2022). With our study, we aim to contribute to closing this gap
in the research by measuring all three kinds of effects of the planned PD program. Few studies on PD programs to
date have focused on the learning processes of the teachers participating in a PD program (Goldsmith, 2014; Stahnke
et al,, 2016). This is critical because knowledge about these teacher-level learning processes (e.g., typical starting points,
learning pathways, or learning obstacles when integrating PD content into classroom practice) can lead to more detailed
knowledge about how content-related PD programs should be designed to be effective (Prediger et al., 2017; Roesken-
Winter et al., 2021). Therefore, in our study, we plan to investigate the learning processes of the participating teachers.
This paper presents the planned empirical investigation of the PD program’s effectiveness and of the teachers’ learning
processes.

2  Research Background

We first summarize the generic design features of effective PD programs (Section 2.1) and show their connection with
the content-related design features of effective PD programs for inquiry-based teaching (Section 2.2). These form the
basis for the PD program developed in this study, which is intended to improve students’ scientific reasoning
competencies through experimentation. After presenting a framework for the evaluation of our PD program (Section
2.3), we identify room for improvement in studies on effective PD programs (Section 2.4) and present our research
questions (Section 2.5).

2.1 Generic Design Features of Effective PD Programs

In the last decades, researchers in the field of teachers’ PD have reached an evidence-based consensus on a set of
generic design features that PD programs should have in order to be effective (Desimone, 2009):

(1) An effective PD program has a clear content focus (Desimone, 2009), providing possibilities for the teachers to
increase their content knowledge (CK), which then allows them to teach a topic more effectively (Baumert & Kunter,
2013b; Kind et al., 2022). Knowledge about how students can learn this content, which refers to pedagogical content

48



Professional Development Program on Explicit Instruction in Experimentation

knowledge (PCK; Park & Oliver, 2008; Shulman, 1986), is also considered partt of this content focus by some authors
(e.g., Darling-Hammond et al., 2017).

(2) The participating teachers should be encouraged to engage in active learning, including, for example, classroom
observations, analyzing videotaped classroom lessons, or discussions (Desimone, 2009; Datrling-Hammond et al,,
2017). This promotes the perception among teachers that learning is an active process (Borko et al., 2010) and it can
reveal how well the teachers understand the PD content (Penuel et al., 2007).

(3) Coberence between a PD program and the relevant national educational standards and curricula as well as the teachers’
knowledge and beliefs increases the effectiveness of the PD program (Desimone, 2009). However, teachers’ knowledge
and beliefs should develop in the intended direction through the teachers’ participation in a PD program (Desimone,
2009). Furthermore, ensuring that the PD program is aligned with the teachers’ classroom practice makes an integration
of PD content more likely (Desimone & Garet, 2015).

(4) An adequate duration, including both a minimum total time of the PD program and a certain span of time over
which the units of the PD program are spread, is considered necessary to achieve a change in teachers’ professional
competence, their classroom practice, and their students’ outcomes (Desimone, 2009). The minimum total time
recommended in the literature ranges from 14 hr (Yoon et al., 2007) to 20 hr (Desimone, 2009). Nevertheless, there is
a consensus that one-shot workshops, although often still conducted, do not show lasting effects (Lipowsky & Rezjak,
2019). However, both the interaction between the duration and other design features of the PD program and the
concrete operationalization of those design features seem to be more crucial factors than the duration per se (Desimone
& Garet, 2015; Lipowsky & Rzejak, 2019).

(5) Finally, the collective participation of teachers from the same school and/or the same grade is seen as a design feature
of effective PD programs because it can promote collegial interaction and the motivation to solve problems together
(Desimone, 2009; Yang et al., 2020).

2.2  Content-Related Design Features of Effective PD Programs for Inquiry-Based
Teaching

In addition to these rather generic design features, more content-related design features are particularly important in
designing effective PD programs for a specific content area (Prediger et al., 2017; Roesken-Winter et al., 2021). In two
related reviews, 11 crucial content-related design features of effective PD programs for inquiry-based teaching (e.g.,
teaching experimentation) were extracted from the literature (Capps et al., 2012; Ramnarain et al., 2022): content
knowledge, anthentic experience, developed lessons, modeled inquiry, reflection, coberency, transference, total time, extended support,
collaborative community, and blended learning. Although these content-related design features have been identified in
independent literature reviews, from our point of view, they can be considered as specifications of the generic design
features (Tab. 1).

Content knowledge in relation to inquiry-based teaching means, for example, knowledge about the nature of science,
scientific inquiry, or scientific concepts (Capps et al., 2012). Thereby, this design feature is conceptually close to the
generic design feature of content focus (Section 2.1). However, while CK and PCK is covered by the design feature content
Joeus in the generic design features of effective PD programs (Desimone, 2009; Darling-Hammond et al., 2017; Section
2.1), PCK is not explicitly addressed in the content-related design feature content knowledge of effective PD programs
for inquiry-based teaching (Capps et al., 2012; Ramnarain et al., 2022). Given the relevance of PCK for successful
teaching (Baumert & Kunter, 2013b; Kulgemeyer & Riese, 2018), we think fostering participants’ PCK should be an
aim of any PD program to be effective. The following four design features correspond to the second generic design
feature, active learning, because they cannot be effective if the science teachers passively listen to a lecture (Section 2.1).
Instead, they require the commitment and active participation of the science teachers during the PD program: Authentic
experience means that the science teachers themselves design and catry out scientific investigations, sometimes together
with scientists. The design feature of developed lessons requires science teachers to design inquiry-based lessons for their
students or to adapt their own teaching material. Through modeled inquiry, the science teachers engage in scientific
inquiry from the perspective of their students. In our opinion, developed lessons and modeled inquiry can be seen as ways to
promote PCK in a PD program because they address knowledge of instructional strategies and knowledge of student
understanding. Another design feature, time for reflection, gives science teachers possibilities to reflect about their
experience, for example, by journaling alone or by discussing their experience in groups. Coberency refers to the
alighment of the PD content with national educational standards and curricula, and #ransference concerns explicit
discussions about how the curriculum is implemented in science teachers’ classtooms; both design features correspond
to the generic design feature of coberence (Section 2.1). The #tal time of a PD program is equivalent to the duration of the
PD program (Section 2.1). Extended support for the participants is provided by, in contrast to a one-shot workshop, a
PD program that consists of several workshops, classroom observations, or remote support throughout the year; these
aspects were also included in Desimone’s (2009) definition of the generic duration feature (Section 2.1). The potential
to create a collaborative community during and outside the PD program, with possibilities for group activities (e.g., planning
lessons together) ot supporting each other when integrating the PD content after the PD program, refers to the generic
design feature described as collective participation (Section 2.1). The last content-related design feature of an effective PD
program for inquiry-based teaching is blended learning, which means that parts of the PD program are promoted online.
There is no counterpart for this design feature in the list of generic design features.
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Tab. 1. Generic and content-related design features of effective PD programs

Content-related design features of a PD program for
inquiry-based teaching (Capps et al., 2012; Ramnarain
et al., 2022)

Content focus Content knowledge

Generic design features of a PD program
(Desimone, 2009)

Authentic experience
Developed lessons
Modeled inquiry
Reflection
Coherency
Transference

Total time

Extended support

Active learning

Coherence

Duration

Collective participation Collaborative community

Blended learning

2.3 Framework for the Evaluation of the PD Program

Four kinds of effects are usually considered in the evaluation of a PD program: participants’ reactions, teachers’ knowledge
and beliefs, classroom practice, and student outcomes. These different kinds of effects are sometimes described as “levels” (e.g.,
Kirkpatrick & Kirkpatrick, 1994; Lipowsky & Rzejak, 2019). However, there does not always appear to be a direct path
from the PD program to teachers’ knowledge and beliefs to classroom practice to student outcomes. Instead, there
are multiple ways in which a PD program can affect teachers’ knowledge and beliefs, classroom practice, and student
outcomes (Desimone, 2009; Goldsmith et al., 2014). For example, Guskey (2002) argued that teachers’ beliefs about
teaching could change over time through positive feedback as a result of changes in classroom practice, which could
then be followed by positive student outcomes. In addition to that, the same PD program may also have different
effects on the individual teachers’ knowledge and beliefs as well as on their classroom practice (Desimone & Garet,
2015).

For this study, we focused on three kinds of effects of the PD program (Fig. 1): effects (1) on feachers’ knowledge and
beliefs, (2) on classroom practice, and (3) on student outcomes. We decided not to include participants’ reactions in our evaluation
for reasons of test economy and because it is not a valid indicator of changes in classroom practice (Lipowsky &
Rzejak, 2019).

Teachers’
PD Program <—> | Knowledgeand |<—>
Beliefs

Fig. 1. Kinds of effects of the PD program intended to foster science teachers’ knowledge and beliefs, enhance
classroom practice, and improve student outcomes related to scientific reasoning (adapted from Desimone, 2009).

Classroom Practice | €—> | Student Outcomes

(1) In terms of teachers’ professional knowledge, two knowledge domains are typically addressed in content-related
PD programs: CK and PCK (e.g., Gess-Newsome et al., 2019; Yang et al., 2020). CK describes teachers’
knowledge of the subject matter taught (Kleickmann et al., 2013). Several studies found that teachers’ CK was a
significant predictor of classroom practice (Kelcey et al., 2019; Kind et al., 2022) and student outcomes (Diamond
et al., 2014; Gess-Newsome et al., 2019). Furthermore, several authors have suggested that the effect of CK on
classroom practice and student outcomes is indirect and is mediated by teachers’ PCK (Baumert & Kunter, 2013b;
Kulgemeyer & Riese, 2018). PCK describes knowledge about teaching (Shulman, 1986) and has two central facets,
knowledge of student understanding (IKSU) and &nowledge of instructional strategies and representations (KISR; Park & Oliver,
2008; Park & Chen, 2012). PCK has been identified as an important component of teachers’ professional
knowledge that impacts classroom practice (Garet et al., 2011) and student outcomes (Keller et al., 2017). In
addition to these domains of teachers’ professional knowledge, teachers’ beliefs are assumed to be an important
component of teachers’ professional competence (Baumert & Kunter, 2013a; Hoy et al., 2006). Teachers’ beliefs
can be described as “an individual’s judgement of the truth or falsity of a proposition” (Pajares, 1992, p. 316); they
are considered to be somewhat changeable over time and/or through experiences but to be mostly stable within
an individual (Fives & Gill, 2015). Teachers’ beliefs are seen as a crucial factor for changes in teachers’ classroom
practice (Buehl & Becks, 2015; Lumpe et al., 2012). Teachers’ beliefs can be object-related or self-related (Hoy et
al., 2006). Some authors found a positive relation between science teachers’ beliefs about teaching science (i.e.,
object-related beliefs; e.g.,, Enzingmiiller & Prechtl, 2021; Lotter et al., 2020) and their classroom practice.
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Additionally, teachers’ self-efficacy beliefs have been shown to impact student learning through teachers’
perceptions of their own skills, their expectations of their students, and the learning environments they establish
in their classes (Bandura, 1997; Barni et al., 2019). Teachers with high self-efficacy beliefs have been found to elicit
greater student outcomes (Goddard et al, 2000; Mohamadi & Asadzadeh, 2012). Against this theoretical
background, we argue that the effects of PD programs on teachers’ CK and PCK, as well as on their beliefs about
teaching and on their self-efficacy beliefs, are relevant when evaluating PD programs related to scientific
reasoning.

(2) Although teachers’ knowledge and beliefs can positively affect classroom practice, these factors cannot fully
explain the impact of PD programs on classroom practice (Lederman & Lederman, 2019; Yang et al., 2020).
Teachers’ classroom practice is seen as an important factor for student outcomes (Fischer et al., 2018). Previous
studies found that teachers who provide more inquiry-based instruction (e.g., experimentation) give their students
more learning opportunities and, thus, improve student outcomes in terms of scientific reasoning competencies
(Yang et al., 2020). Additionally, engaging students in experimentation combined with explicit reflection on the
procedural and epistemic knowledge involved has been found to be effective in promoting student outcomes
(Vorholzer et al., 2020; Wagensveld et al., 2015). Several methods are described in the literature to measure the
effects of PD programs on teachers’ classroom practice (Desimone, 2009; Guskey, 2002). These range from
teacher self-reports (e.g., surveys, interviews, participant reflections, or portfolios) to various forms of classroom
observations (e.g., direct classroom observations, videos, or audio tapes), with the latter being considered to be
more objective (Jacobs et al., 2014). Van Driel et al. (2012) stated that most studies on PD programs use self-
reported data for the evaluation of the effects on classroom practice. This has been criticized because self-reported
data can differ considerably from actual classroom practice (e.g., Capps et al., 2016; Hiebert & Grouws, 2007).
Consequently, classroom observations should be considered in order to gain more valid information about the
effects of PD programs on classroom practice (Jacobs et al., 2014).

(3) To measure student outcomes, studies in this area typically assess cognitive components such as student
achievement (Gess-Newsome et al., 2019; Lederman & Lederman, 2019). However, as Zeichner (2005) called for
a broader conceptualization of how to measure student outcomes, the concept of competence (Rychen & Salganik,
2003; Weinert, 2001) could be a fruitful theoretical framework for considering the cognitive components (e.g.,
procedural and epistemic knowledge) and, additionally, the motivational components of student outcomes when
evaluating the effects of PD programs. Assessing the motivational components of student outcomes is especially
useful in relation to experimentation because a positive effect of experimentation on students’ motivation can be
expected (Cairns & Areepattamannil, 2019). Accordingly, in this study, we plan to evaluate motivational
components in addition to student achievement.

2.4 Room for Improvement in the Evaluation of PD Programs

In recent years, many studies have examined the effect of PD programs on either teachers’ knowledge and beliefs,
classroom practice, or student outcomes. However, studies that have considered all three kinds of effects are rare
(Gess-Newsome et al., 2019; Lipowsky & Rzejak, 2019). This seems to be the case for PD programs in general and
even more for content-related PD programs related to experimentation (Ramnarain et al., 2022). Therefore, there is a
gap in the research in this field. With our study, we aim to contribute to closing this gap and shed light on the effects
of PD programs on teachers’ knowledge and beliefs, classroom practice, and student outcomes. Additionally, the
design and methods of some previous studies that examined the effects of PD programs have been criticized. For
example, some repotts lacked basic information about the study design and/or the PD program and, thus, cannot be
replicated (Goldsmith et al., 2014; Sztajn, 2011). Furthermore, in some studies, the outcome measures chosen were
rather general, which resulted in incongruence between the goals of the PD program and the outcome measures
(Hattie, 2009; Van Driel et al., 2012). Follow-up tests were often missing or were administered too early in the study
design (Lipowsky & Rezjak, 2019), which may have led to invalid results because some effects only become apparent
a certain amount of time after the PD program has been completed (e.g., one year later; Allen et al., 2011; Kennedy,
20106).

In addition to these shortcomings, little is known about teachers’ learning processes and about how to help teachers
to incorporate new ideas from PD programs into their actual classroom practice (Goldsmith et al., 2014; Stahnke et
al,, 2016). Knowledge about teachers’ typical starting points, learning pathways, and obstacles they perceive in the
adaptation of the PD content for their classroom practice can serve as a basis for the development of an effective
content-related PD program (Prediger et al., 2016, 2017). Such knowledge could be valuable in answering the question
of how to operationalize generic design features for specific content (Résken-Winter et al., 2021), for example, by
learning more about which content-related knowledge (i.e., the rather vaguely defined design feature of content knowledge)
is important to enable teachers to address students’ scientific reasoning competencies effectively in the classroom.

2.5 Research Questions

Due to the lack of robust studies measuring the effects of PD programs on teachers’” knowledge and beliefs, classroom
practice, and student outcomes (Gess-Newsome et al., 2019; Lipowsky & Rzejak, 2019, Ramnarain et al., 2022), as well
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as the lack of detailed knowledge about the learning processes of teachers who are participating in PD programs
(Goldsmith et al., 2014; Stahnke et al., 2016), we aimed to design an appropriate PD program to foster science teachers’
professional competence, enhance classroom practice, and improve student outcomes related to scientific reasoning
and to examine its effects. Our study was guided by the following research questions:

1. What are the effects of participating in the PD program on teachers’ knowledge and beliefs, the quality of
classroom practice, and student outcomes related to scientific reasoning?

2. Which content-related learning pathways do teachers typically take during the PD program and which
obstacles prevent implementation in classroom practice?

3 Methods

For our PD program, a well-founded PD model from mathematics teacher education, called the Problem-Solving
Cycle (PSC; Koellner et al., 2007), was adapted. In the following sections, the adapted PSC is presented with the
associated content-related design features for effective PD programs for inquiry-based teaching (Section 3.1).
Furthermore, we describe our intended sample (Section 3.2), as well as the planned data collection (Section 3.3) and
data analyses (Section 3.4). The PD program and related studies are part of the LeFEB project.

31 Structure of the PD Program: Adaptation of the Problem-Solving Cycle

The PSC was originally designed to assist mathematics teachers in supporting their students’ mathematical reasoning
competencies (Koellner et al., 2007). We decided to focus on experimentation in the context of biology as one of the
scientific methods, keeping in mind that each scientific method has its own distinct procedural and epistemic
knowledge (Osborne, 2014). Therefore, our PD program aimed to assist biology teachers in teaching experimentation,
that is, in engaging students in experimentation and in explicitly teaching the related procedural and epistemic
knowledge. The design of the PSC was influenced by both constructivist and situative perspectives (Koellner et al.,
2007). Three design principles are central to the PSC: (1) teachers actively participate in the learning process, (2)
teachers’ own classrooms are used as a powerful context, and (3) teachers’ learning is enhanced by creating a supportive
professional community (Koellner et al., 2007). The PSC has already been used on a large scale in the United States
and positive effects have been found on mathematics teachers’ CK and PCK, classroom practice, and student
outcomes (Borko et al., 2015; Jacobs et al., 2014; Koellner et al., 2011).

In the following, we present a brief description of the adapted PSC as a PD program on explicit instruction in
experimentation. The original PSC, which consists of three workshops and one video recording of classroom practice,
is repeated several times with the same participants and uses content that builds on previous content (Koellner et al.,
2007). In contrast, our PD program consists of three workshops (3 hr each) and one video-recorded classroom lesson
(1 h) after Workshop 1, that is, it has a linear structure instead of several cycles (Fig. 2). Additionally, we plan to give
the participants a briefing before the program (2 hr) and a final debriefing (2 hr) after the program has been completed
(Fig. 2). The duration of our PD program is 14 hr (zotal time). This is the suggested minimum duration for effective PD
programs (Yoon et al., 2007). However, as discussed above, the concrete activities in the PD program might be more
crucial for its effectiveness than the duration of the program (Desimone & Garet, 2015; Lipowsky & Rzejak, 2019).
The whole PD program is spread over a petiod of 24 weeks (extended suppors).

Briefing i Workshop 3
Week 1 Week 17

Video-Based
Teaching and Discussion of
Video Recording: Teacher
Classtoom Practice

Introduction and
Organizational
Information

Conduct

Tl
Experiment and jhiicostiad

Discussion of

Feedback and
Develop Final Reflection

Lesson Plan Student Thinking

Workshop 1 Workshop 2 Dcbricfing
Week 11 Week 16 Week 24

Fig. 2. Structure of the PD program on explicit instruction in experimentation (adapted from Koellner et al., 2007).

3.1.1 Briefing

The briefing is used to introduce the participating teachers to each other and to inform them about the goals of the
PD program. With regard to possible reservations by the participants to show videos of their own classroom practice,
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it is important that the facilitator creates a pleasant and supportive environment throughout the whole PD program
(Borko et al., 2008). In the briefing, the teachers are asked to explain what they expect from the PD program. The
briefing also serves the purpose of providing the participants with organizational information about the accompanying
research. To learn more about the teachers’ current knowledge and beliefs about teaching experimentation, teachers’
CK, PCK and beliefs are assessed as part of the briefing. Additionally, the teachers are informed about the pretest on
classroom practice and student outcomes (Fig. 3).

3.1.2 Adaptation of Workshop 1

In Workshop 1 of the original PSC, teachers solve a “rich” mathematical problem (Borko et al., 2015). Such a problem
provides a foundation for productive subject-related communication during the first workshop and is both challenging
for teachers and appropriate for students with different levels of subject knowledge. Furthermore, it addresses multiple
mathematical concepts and has various entry and exit points. Experimentation can also be desctribed as a form of
problem solving. The respective problems consist of developing hypotheses, generating data to test the hypotheses, as
well as evaluating and coordinating evidence to draw a conclusion (Klahr & Dunbar, 1988; Mayer, 2007). Therefore,
the teachers collaboratively conduct an experiment in groups in the adapted Workshop 1 (collaborative community). The
teachers can choose from a number of prepared experiments that are appropriate for their own classes (e.g.,
measurement of the heartbeat of water fleas [Daphnia pulex] as a function of different water temperatures; Sannert &
Hendel, 2021). These experiments are suitable to engage students in experimentation and to reflect on procedural
knowledge (e.g., the control-of-variables strategy and its role in an experiment; OECD, 2017) and epistemic knowledge
(e.g., how measurement error affects the degree of confidence in scientific knowledge; OECD, 2017). They have no
clear “right answer” and are not too demanding in terms of the relevant content (Roberts & Reading, 2015). By
conducting an experiment, the teachers switch to the students’ perspective and discover possible ways to conduct the
experiment and difficulties in conducting the experiment (wodeled inquiry). After the experiment, the teachers reflect on
their experiences and discuss which difficulties might occur for their students and which procedural and epistemic
knowledge can best be taught explicitly with the experiment, in accordance with the national educational standards
(reflection, coberency). This is first done in small groups and then in the whole group. As in the original Workshop 1, the
teachers then plan a lesson for their own class by identifying learning goals, modifying the experiment as necessary,
anticipating their students’ solution strategies, and structuring their lesson (developed lessons, transference). The teachers
begin to plan the lesson in small groups (collaborative community) and then finish the lesson planning by themselves.
Because the teachers themselves might not have sufficient procedural and epistemic knowledge related to
experimentation (Capps et al, 2016; Kamarainen et al., 2021), they are given appropriate supporting material in
Workshop 1, which should help them to develop the necessary CK (content knowledge). In summary, Workshop 1 aims
to primarily promote teachers’s CK (procedural and epistemic knowledge related to experimentation). However,
beyond that, PCK (KSU & KISR) is also addressed through modeled inquiry and developed lessons.

3.1.3 Teaching and Video Recording the Experiment

In the original PSC, the participants teach the planned lesson in their own class (Borko et al., 2011). The lessons are
video recorded to capture the richness and complexity of classroom activities (Gaudin & Chalies, 2015). Two cameras
are used to film the teacher and the students when they are working in small-groups respectively (Borko et al., 2015).
The PD facilitators select video clips, which then serve as a basis for analysis and reflection in Workshop 2 and
Workshop 3. Video clips are selected based on the criteria of Borko et al. (e.g., “video clips foster reflection and
discussion”; 2015, p. 16). Selecting video clips from the recordings of participants’ classrooms is an adaptive approach,
though less adaptive than others in which the participants bring their own videos (e.g., video clubs; Sherin & Van Es,
2009). However, through the selection of video clips and guiding questions, the facilitator can detect the needs and
interests of the participants, while also considering the overall goal of the PD program (Borko et al, 2011).
Furthermore, studies have shown that such scaffolds contribute to the quality of the analysis of videos (Hamel & Viau-
Guay, 2019). Our PD program will not make any significant changes to these stages of the PSC.

3.1.4 Adaptation of Workshop 2 and Workshop 3

As in the original Workshops 2 and 3, in the adapted Workshops 2 and 3, the teachers share their experiences,
supported by video clips of their teaching as well as by classroom documents (e.g., lesson plans and students’ work).
The video clips take a leading role in both workshops as a means for framing the teachers’ collaborative exploration
and for reflecting on central activities in the lesson taught (reflection), as well as for highlighting aspects of classroom
practice that the teachers might not notice while teaching the lesson (Borko et al., 2011). The teachers’ PCK is focused
on in both workshops. The aim of this is not merely to help the teachers accumulate PCK but, instead, to support the
teachers to activate and apply PCK in classroom practice (Borko et al., 2011).

The video-based analysis of the four or five videos (3-6 min each) first takes place individually on a laptop with
headphones. In the video-based analysis, teachers are guided by three analysis tasks: (1) attend to relevant classroom
situations in the video clips, (2) interpret these situations, and (3) generate possible alternatives for action on the basis
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of knowledge. We thereby refer to the concept of teacher noticing (Chan et al., 2021; Sherin & Van Es, 2009) and thus
enable teachers to analyze the videos in a structured way. Watching their own video clips and video clips of their
colleagues in similar situations allows the teachers to discover potential for improvement in their classroom practice
and to understand that they face similar problems to other teachers; this can make it easier for them to change their
classroom practice after identifying, interpreting, and discussing possible ways of teaching (Borko et al., 2008).
Furthermore, watching videos of one’s own teaching has been shown to be more activating and motivating than
watching videos of unknown teachers (Seidel et al., 2011). After teachers have analyzed the videos individually, whole-
group reflection begins (collaborative community). The PD facilitators prepare guiding questions as scaffolds to identify
relevant classroom situations in the selected video clips and to structure the discussion about the video clips. Therefore,
the selected video clips are used less to tell the teachers what to do next in the classroom and more as “springboards
for analysis and discussions about teaching and learning” (Borko et al., 2011, p. 184). In order to structure the whole-
group reflection and to engage teachers in discussion, facilitation moves from the framework for facilitating video-
based PD are used (e.g., “pose general prompts to elicit participant ideas”; Van Es et al., 2014, p. 347). In Workshop 2,
the PCK facet KSU is specifically addressed by taking student thinking into consideration. Video clips that show students
struggling while engaging in experimentation or having inadequate conceptions with regard to procedural knowledge
(e.g., the control-of-variables strategy) or epistemic knowledge (e.g., discussion about measuring errors) are of interest
and will be selected. In Workshop 3, video clips are selected with the aim of focusing the discussions on the teachers’
classroom practice, thereby addressing the PCK facet KISR. Video clips showing the teachers’ adaptations of the
experiment and different ways of integrating it into the lesson, as well as questions posed to the students to elicit
procedural or epistemic knowledge related to experimentation, could potentially lead to fruitful discussions in this
workshop. Given that student thinking and classroom practice are linked, the more salient of these two aspects is
foregrounded in a workshop, while the other is placed in the background (Borko et al., 2015). Both workshops end
with a final discussion in the whole group, in which the results are summarized and implications for future lesson
planning and teaching are emphasized.

3.1.5 Debriefing

In the debriefing, the teachers report on their experiences with teaching experimentation (i.e., the integration of the
PD program’s content into their classroom) and the feedback they got from their students. The debriefing is also used
to gain new ideas for instruction from the group or to discuss possible implementation difficulties. To see how teachers’
professional competence has developed throughout the PD program, their CK, PCK, and beliefs are assessed as part
of the debriefing (Fig. 3). Finally, the teachers are asked to give the PD facilitators feedback on the PD program. The
debriefing ends with a reflection on what the teachers have learned over the whole PD program and on how it might
have changed their classroom practice.

3.2 Sample

In total, 20 in-service biology teachers from the federal state of Schleswig-Holstein in Germany who are teaching
biology in classes from Grade 5 to Grade 10 will be recruited to voluntarily take part in the PD program. All teachers
of a school who are teaching biology from Grade 5 to Grade 10 will be recruited to take part collectively. Hence, in
order to achieve a sample of 20 teachers, we aim to recruit teachers from four to five schools. Due to the sizes of the
rooms available for the PD program and the group sizes recommended by Borko et al. (2015), each meeting (i.c.,
briefing, workshops, debriefing) will be catried out with six to 10 teachers, resulting in about two or three parallel PD
programs being offered. Due to the special requirements of each school, the precise dates for the PD program will be
planned individually with each school. As the comparison group for the student outcomes, we will use classes from
the same grade level whose teachers are not taking part in the PD program. It is intended to match—as far as possible—
the treatment group and the equally sized comparison group based on the control variables of the teachers (e.g., second
subject, teacher experience). We will not include a comparison group for the teachers themselves because we assume
that in-service teachers’ professional competence is unlikely to develop in a linear and systematic way if they do not
participate in an intervention (Kleickmann et al., 2013). The PD program will be conducted by the first author of this
article, who will be supported by the second author. Both of them have jointly planned the PD activities as well as the
accompanying study. Therefore, no specific training was conducted for the facilitators of the PD program.

3.3 Data Collection

In order to answer the first research question, we will measure teachers’ knowledge and beliefs, classroom practice,
and student outcomes in a pretest, a posttest, and a follow-up test (Fig. 3). As a rigorous research design should provide
sufficient time between the PD program and the measurement of outcomes (Allen et al., 2011; Yoon et al., 2007), the
posttests will be staggered after the PD program. Moreover, the follow-up test is planned to take place one year after
the last workshop of the PD program. A period of one year is planned due to the fact that negative or positive
experiences and feedback from the class could promote or inhibit the use of practices learned in the PD program.
Furthermore, certain effects, especially on teachers’ beliefs, may lag behind others such as teachers’ knowledge or
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classroom practice (Guskey, 2002). To address the second research question, we will analyze qualitative data from the
first research question as well as from the PD program. The data collection that is planned to measure the effects on
teachers’ knowledge and beliefs, classroom practice, and student outcomes is explained in more detail in the following
sections.

Briefing Workshop 1 Workshop 2 Debriefing
O 5 10 ()C)(X) 20 ‘ O 25 30 1 Year after Debricfing
A ‘ 4 —
Teaching  Workshop 3
Pretest the Tesson Posttest Follow-up
TeaK & TeaB TeaK & TeaB TeaK & TeaB

Pretest Posteest Tollow-up

ClaP ClaP ClaP
Pretest Posttest Follow-up

SO SO SO

Fig. 3. Timeline of the study’s procedure with the elements of the PD program in white circles/ellipses and planned
data collections in dark gray boxes. Each vertical field represents one week.
TeaK = Teachers’ Knowledge; TeaB = Teachers’ Beliefs; ClaP = Classroom Practice; StuO = Student Outcomes

3.3.1 Effects on Teachers’ Knowledge and Beliefs

For the assessment of the teachers’ CK, 8 items from the multiple-choice instrument of Arnold (2015) have been
selected. The items refer to procedural and epistemic knowledge that is related to experimentation, for example,
knowledge about hypotheses (e.g., “What purpose do hypotheses serve in an experiment?”). The PCK necessary to
teach experimentation will be assessed by using items from a multiple-choice instrument developed by Lieberei et al.
(2023). The instrument includes 12 items that address the PCK facets KSU and KISR, as well as their interactions.
The 8 items that focus on experimentation will be selected. Additionally, to gain broader and more qualitative insights
into the teachers’ PCK, we will use the Content Representations instrument (CoRe; Loughran et al., 2004). This instrument
includes eight open-ended questions (e.g., “What difficulties and limitations do you expect when teaching this idear”),
which are usually used to investigate teachers’ PCK on specific content (e.g., lactic acid; Barendsen & Henze, 2019).
We will adapt the CoRe to elicit the PCK necessary to teach experimentation. Therefore, the teachers will be asked to
provide written answers to eight questions for every “big idea” they have on teaching experimentation. (A big idea in
our case could be, for example: “Use of an experiment to learn about dependent, independent, and control variables.”)
Regarding the teachers’ beliefs about teaching experimentation, both object-related and self-related beliefs will be
assessed (Hoy et al., 20006). To assess object-related beliefs, 55 items from a validated rating-scale instrument to measure
beliefs about teaching experimentation will be selected and adapted (e.g., “fostering competencies in scientific inquiry
requires extensive developing and summarizing phases, as well as extensive phases of fostering scientific content”;
Petermann & Vorholzer, 2022). Teachers’ self-efficacy beliefs regarding the teaching of experimentation will be
captured using an 13-item adaptation of the STEBI (Riggs & Enochs, 1990), called the Teaching Scientific Reasoning
Efficacy Beliefs Instrument (TSR-EBI e.g., “I am continually finding better ways to teach scientific reasoning in my biology
class.”’; Welter et al., 2023).

3.3.2 Effects on Classroom Practice

To see if classroom practice changes after teachers participate in the PD program, we will ask the teachers to show
one typical lesson on experimentation before and after the PD program. Such a typical lesson has the advantage of
being long enough to include key interactions between teachers and students, but short enough to be analyzable
(Hiebert & Grouws, 2007). Classroom practice will be documented by means of a self-developed observation protocol,
based on existing observation protocols published in the literature (Chen & Terada, 2021; Wee et al., 2007). The
observation protocol will follow the criteria of a qualitative observation with a lower degree of complexity (Déring &
Bortz, 2016). Accordingly, we have defined aspects on which the observation will focus (i.e., semi-structured
observation). The observation focuses on (1) which scientific practices related to experimentation are addressed (e.g.,
asking questions, planning and carrying out investigations; Mayer, 2007), (2) the degree of openness of these practices
(e.g., verification inquiry, structured inquiry, guided inquiry, open inquiry; Blanchard et al., 2010), and (3) which related
procedural and epistemic knowledge (Krell et al., 2022) is made explicit to the students by the teacher. Each observation
is conducted by two observers. To avoid observation errors, the observers will be trained in advance (e.g., trial
observations based on video recordings; Déring & Bortz, 2016).
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3.3.3 Effects on Student Outcomes

As discussed above, we plan to measure a broader conceptualization of student outcomes (Zeichner, 2005). Regarding
the cognitive component of student outcomes, students’ experimental competencies will be measured with 6 selected
items from a multiple-choice instrument (Krell & Vierarm, 2016; Krell, 2018). The instrument was developed based
on the model of scientific discovery as dual search (SDDS; Klahr & Dunbar, 1988). Furthermore, 8 selected items from a
second instrument will be used to measure students’ procedural and epistemic knowledge regarding experimentation
(Arnold, 2015). With regard to the motivational component of student outcomes, students’ motivation will be
measured with items selected from Eccles and Wigfield (1995), Pugh et al. (2010), and Simpkins et al. (2006). These
items include the factors interest (3 items), self-concept (3 items), and value (8 items).

3.3.4 Teachers’ Content-Related Learning Processes

To identify learning pathways and learning obstacles in the teachers’ implementation of experimentation, we will
analyze qualitative data from the observation protocol (pre- and posttest), transcripts from the videotaped lessons,
lesson plans, and the CoRe instrument (pre- and posttest). Furthermore, the teachers will be asked to provide us with
their lesson plans up to the follow-up test showing how they engaged their students in experimentation during and
after the PD program.

34 Data Analysis

In the following, the methods that we plan to use to analyze the data for each of the two research questions are
explained.

3.41 Effects of the PD Program

Research question one asks about the effects of participating in the PD program on the participating teachers’ CK,
PCK, and beliefs, on the quality of their classroom practice, and on student outcomes related to scientific reasoning.
In order to address the research question, we will carry out the first evaluation after the posttest to evaluate the
immediate effectiveness of the PD program. To measure the stability of the effects, the values obtained for the
respective measures in the follow-up test will be considered as well. All qualitative data from the CoRe instrument and
classroom observations will be analyzed by means of qualitative content analysis (Schreier, 2012) considering quality
ensuring procedures (e.g., checking intercoder agreement as a measure of coding objectivity; Gohner & Krell, 2020).
We will analyze the data using theoretically derived categories and inductively refine and specify the categories based
on the data. For instance, for the analysis of classroom observation, the categories (1) scientific practices (e.g., asking
questions, planning and carrying out investigations; Mayer, 2007), (2) degree of openness (e.g., verification inquiry,
structured inquiry, guided inquiry, open inquiry; Blanchard et al., 2010), and (3) related procedural and epistemic
knowledge (Krell et al., 2022) will be used as initial categories. In addition, we will transform the qualitative data into
quantitative data to be used in the quantitative data analysis. All quantitative data, including the comparison group for
student outcomes, will be analyzed by means of appropriate parametric or nonparametric tests for dependent group
comparisons (e.g., paired #test, ANOVA with repeated measures) to test for significant differences in the variables
between pre-, post- and follow-up test. Furthermore, we will compate possible differences between experimental group
and control group in terms of student outcomes.

3.4.2 Teachers’ Content-Related Learning Processes

Research question two asks about the content-related learning pathways of teachers during the PD program, as well
as about obstacles preventing implementation in classroom practice. We will use qualitative content analysis to analyze
the data obtained with the observation protocol, transcripts from the video-recorded lessons, lesson plans, and data
from the CoRe instrument. Again, we will analyze the data using theoretically derived categories and inductively specify
the categories based on the data. With these data, we plan to identify starting points for how to professionalize the
teaching of experimentation and also to identify obstacles preventing the integration of the content of the PD program
into classroom practice. With the findings we gain from these data, we aim to specify the design feature of content focus
in a more content-specific manner.

4  Discussion and Conclusions

With our study, we aim to obtain evidence on the hitherto rarely researched question of how a PD program affects
teachers’ knowledge and beliefs, the quality of classroom practice, and student learning outcomes related to scientific
reasoning. We therefore designed a PD program on explicit instruction in experimentation. The PD program is an
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adaptation of the PSC (Koellner et al., 2007) and incorporates nine design features of effective PD programs for
inquiry-based teaching (Capps et al., 2012; Ramnarain et al., 2022): content knowledge, developed lessons, modeled inqguiry,
reflection, coberency, transference, total time, extended support, and collaborative community. We argue that these design features can
be considered as specifications of the generic design features that PD programs should have in order to be effective
(Desimone, 2009). Following the framework that we developed to study the effects of the PD program, we will measure
teachers’ knowledge (CK and PCK), teachers’ beliefs, and their self-efficacy beliefs related to teaching experimentation.
In addition, we will use classroom observation to obtain direct information about changes in classroom practice (Jacobs
etal., 2014). As student outcomes, cognitive components (e.g., procedural and epistemic knowledge) and motivational
components will be measured. In order to answer the question of which content-related learning pathways teachers
typically take during the PD program and what obstacles prevent implementation in classroom practice, we will analyze
qualitative data from the observation protocol, transcripts from the videotaped lessons, lesson plans, and the CoRe
instrument. The results will contribute to a more detailed description of the design feature content knowledge regarding
PD programs that intend to improve students’ scientific reasoning competencies through experimentation.

Although the structure with several cycles is an important characteristic of the original PSC (Borko et al., 2015), our
adapted PD program does not include several cycles but instead has a linear structure. We made this decision for two
reasons: First, it is the first implementation of the PD program and should therefore be examined more closely before
a second cycle is started. Second, we believe that several cycles may prevent teachers from participating in the PD
program, because there is usually no extra time planned for in-service teachers’ PD in Germany (Richter et al., 2020).
A result of this may be that many teachers invest little time in PD programs and are used to one-shot workshops
instead of continuous PD programs with longer durations. The median duration of the PD programs attended in
Schleswig-Holstein is 6.5 hr (Richter & Schellenbach-Zell, 2016). For these reasons, we decided to operate at the lower
limit of the duration that is considered necessary for a PD program to be effective (Yoon et al., 2007) and to not offer
a subsequent second cycle.

In our data collection, the posttests will be staggered after the PD program. In line with Yoon et al. (2007), we expect
to find effects on teachers’ knowledge and beliefs first, followed by changes in classroom practice, and, finally,
improved student outcomes. The possibilities for teachers to implement the content of the PD program in classroom
practice are limited for curricular reasons. Furthermore, the process of implementation takes time beyond the PD
program (Guskey, 2002). It is recommended that there is a sufficiently long interval between completion of the
intervention and the evaluation (Allen et al., 2011; Lipowsky & Rzejak, 2019). Therefore, we plan to conduct a follow-
up evaluation a full year after the PD program. The data collection is planned based on the expectation that 20 teachers
will participate in the PD program. If fewer teachers participate, we will choose more qualitative methods for the data
collection and data analysis. If more teachers are recruited, we will consider further statistical methods for the data
analysis on the effects on student outcomes, such as structural equation modeling and hierarchical linear modeling
(Cheong & MacKinnon, 2012; Nezlek et al., 2000).

For future research, it may be of interest to adapt the PD program to other scientific methods (e.g., modeling) and
also to see how the adapted PD program works for further types of schools (e.g., in inclusive settings).
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