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Abstract: Education is of great importance in the context of climate change, as it can promote pro-
environmental behaviour. However, climate change education is accompanied by didactic and
pedagogical challenges because, among other reasons, climate change is a complex phenomenon
and many people have a psychological distance to the topic. A promising approach to face these
challenges is inquiry-based learning (IBL), as several studies show. To date, however, there are
barely any empirically tested instructional designs, especially for close-to-science IBL, focusing
on climate change. The study presented here therefore addresses the question of how a science
propaedeutic seminar for upper secondary schools on the regional implications of climate change
should be designed to ensure successful learning processes. Based on the design-based research
approach, qualitative research methods (focus group discussions, semi-standardised written teacher
surveys, and participant observations) were used to identify target-oriented design guidelines and
implementation principles for such seminars. In the seminars, 769 students have so far researched
different aspects of climate change in their own regions. The identified design guidelines and
implementation principles were further operationalised for teaching practice, so that the research
generated both a contribution to theory building and an applicable concept for schools.

Keywords: inquiry-based learning; climate change education; climate literacy; design-based research;
regional climate change; science propaedeutics

1. Introduction

Climate change represents one of the greatest challenges for humanity in the 21st
century. This situation not only requires economic and political measures but also the
climate-literate behaviour of individuals and social groups. Thus, Climate Change Edu-
cation (CCE), aiming for climate-literate people who are able and willing to face climate
change via mitigation and adaptation, has been a central issue in the social and educational
sciences in recent years. Whereas the complex mosaic of climate-related education and
communication processes still needs further investigation (especially among young people;
see [1]), related research so far was able to distil out not only the central challenges but also
important criteria to pursue the intended goal of climate literacy. In the following, we will
discuss the suitability of the Inquiry-Based Learning (IBL) approach to face key issues of
CCE. We further show how IBL in the context of CCE can be brought to fruition at schools
by applying particular design principles.

1.1. Climate Literacy

The overall goal in CCE can be described with the multidimensional construct of
climate literacy [2,3]. According to Azevedo and Marques [3] (p. 422), “to be climate
literate, one needs to:

• have some knowledge of climate science, in its content, procedural and epistemic
components,
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• master in some degree a number of competences that allow accessing and assessing
relevant information about this theme, as well as communicate it in a meaningful way,

• reveal a set of attitudes that lead to one’s contribution to the conception and/or
implementation of adaptation and mitigation strategies.”

As especially the first two aspects imply, climate literacy can be considered as a specific
context of application for science literacy [2,3], which is defined by the competence to
“explain phenomena scientifically [,] evaluate and design scientific enquiry [and] interpret
data and evidence scientifically” [4] (p. 21).

While this concept of climate literacy explicitly considers the importance of climate-
related attitudes, it also underlines the major role of science- and research-related compe-
tences. Therefore, learning processes in CCE should at best address both of them.

1.2. Important Challenges in Climate Change Education

However, these goals are not easy to achieve, as there are some major challenges in
CCE: from both a factual and ethical perspective, climate change represents a complex
issue [5]. Not only is the climate system itself technically complex [6], but so is the dis-
course about the topic, which is characterised by the interconnection of various aspects
like ecological goals, economic interests, cultural orientations, social norms, and political
decisions [7]. Consequently, learning processes should include opportunities to develop
competences for dealing with complex topics. Given this complexity, it is also not surprising
that international research in the field of conceptual change has shown that students often
have incorrect, highly persistent conceptions of climate change—especially concerning the
causes of climate change and potential solution approaches [8]. For example, many children
and teenagers mistakenly confuse the ozone hole phenomenon with the anthropological
greenhouse effect or assume that a confined greenhouse gas layer exists in the higher
atmosphere [8–11]. On the whole, research shows that confrontation and active work with
misconceptions in lessons is more effective than ignoring them [8,10]. This appears even
more important against the background of the representation of climate change in the
media or in political debates where we can find plenty of controversial information, and
also “fake news”, particularly concerning the causes of climate change. Here especially,
strategies to practice critical reflection of (sources of) information should be applied [12,13].

However, even if a more-or-less differentiated knowledge about climate change does
exist—which is the case, for instance, in Central European societies [14]—a discrepancy
between knowledge or awareness of climate change and personal attitudes or even action
can often be observed [15,16]. This is especially true for young people [17]. Factors
to elucidate this discrepancy are diverse: on a personal level, for instance knowledge,
values and attitudes, interests and perceived self-efficacy play important roles, whereas
situational factors like available infrastructure, economic circumstances, or social context
also have considerable influence [14]. While this illustrates that knowledge alone does
not inevitably lead to climate-literate behaviour, studies show that it is nevertheless an
essential precondition for it [18].

Aside from other factors, one explanation for the described knowledge–action gap
is that climate change is often perceived as a rather abstract phenomenon, especially in
Western countries [19]. Many individuals think that their opportunities for action are very
limited and that they cannot make a difference. This can at least be partly explained by so-
called psychological distancing: while many people do accept the fact that climate change
is happening, they often ascribe it to other parts of the world and a distant future [14]. Es-
pecially adolescents tend to consider climate change irrelevant to their immediate everyday
realities [20]. Consequently, creating psychological proximity is not only deemed to be a
potential factor for awareness of and concern about climate change [19,21–23], but also a
strong relevance to one’s everyday life in general supports the communication of climate
issues among adolescents [14,24].
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1.3. Inquiry-Based Learning as a Promising Approach for Climate Change Education

Overall, the challenges described above ask for adequate educational measures to
counteract them. While there is still research to be done, studies were already able to outline
a set of key principles for environmental and climate change education. For instance, in
a systematic literature review, Monroe et al. [25] (p. 791) identified the following: both
“(1) focusing on personally relevant and meaningful information and (2) using active
and engaging teaching methods” are most common in environmental education, while
particularly for CCE, “(1) engaging in deliberative discussions, (2) interacting with scientists,
(3) addressing misconceptions, and (4) implementing school or community projects” were
identified as the central principles to foster climate literacy. Consequently, educational
conceptions should at best encompass all of them to be potentially fruitful.

One promising approach to adapt these principles is Inquiry-Based Learning (IBL).
This term refers to educational work-forms, which serve the search for and finding of
knowledge that is new (at least) to the learner, and which happen analogous to the charac-
teristics of scientific knowledge production regarding attitude, methods, and systematic
proceeding [26–28].

Corresponding work-forms bring along the potential to realise exactly Monroe et al.’s [25]
above-mentioned four principles for CCE because IBL can be implemented in comprehensive
school projects. There, reflection and classroom discussions can be complemented by interac-
tion with scientists and through students’ intense scientific activities on individual research
questions, they can be confronted with their own misconceptions.

Indeed, research shows that IBL is capable of addressing competences that are consid-
ered central components of scientific literacy and/or such that contribute to overcome the
aforementioned challenges in CCE:

According to different authors [29–31], IBL can help to develop an array of so-called
21st century skills (e.g., creativity, innovativeness, collaboration and communication, critical
thinking, problem-solving, or decision-making) in general. In addition, relevant empirical
research shows a broad spectrum of encouraging insights with regard to specific goal
dimensions of climate literacy. For instance, various studies were able to point out positive
effects of IBL on critical-thinking skills (e.g., [31–34]). Duran and Dökme [35] could prove
a better support of critical thinking via IBL in comparison with conventional approaches.
Such skills are especially useful with regard to the formerly described media and political
discourse about climate change as they help, for example, to uncover simple truths.

In relevant studies, IBL was able to foster conceptual change in general [36] and to
improve students’ perception of the greenhouse effect in particular [37].

Several studies observed increased motivation of learners via IBL (e.g., [38,39]),
whereas some of them even found positive effects on the feeling of self-efficacy [40,41].
These findings are of particular importance, as feelings of powerlessness and hopelessness
towards climate change represent a great challenge in CCE [14,42,43]. In contrast to that,
motivation and self-efficacy represent crucial prerequisites for sustainable action [44–46].

Actively experiencing research by learners may promote a better understanding of
scientific concepts [47,48], which Klein [49], Mao et al. [50], and Chang and Mao [51] have
particularly shown among the Earth sciences. More specifically, Namdar [52] conceived IBL
on the subject of global climate change for future teachers, who thereby could significantly
enhance their understanding of global climate change. Additionally, IBL can increase
scientific process skills [53]. Arieska Putri et al. [54] could even show a direct effect of IBL
on scientific literacy.

This is not very surprising in that science literacy (and, more context-specifically,
also the initially described climate literacy) is very strongly related to the desired key
competences, which are usually addressed especially by close-to-science IBL formats (for
a detailed distinction of different IBL formats see for example [55]); Gess et al. [56] (p.
79) describe the intended “research competence” as a combination of receptive research
skills (i.e., information literacy, statistical literacy, and critical thinking) and productive
research skills, which include cognitive competences (e.g., knowledge about research



Sustainability 2022, 14, 3544 4 of 29

processes and methods, generation of hypotheses, or data analysis), affective-motivational
competences (e.g., research-related self-efficacy or tolerance of uncertainty and ambiguity),
and the social competence of cooperation in a learning community. According to them,
involvement in IBL should additionally foster a so-called research attitude, which comprises
a reflexive distance, epistemic curiosity—i.e., an intrinsically motivated tendency to gain
new insights [57]—and differentiated epistemological beliefs, in the sense of personal
assumptions about the nature of knowledge and the process of knowledge creation [58].

Wiemer [59] argues that the achievement of such competences is facilitated by some
particular learning and reflection processes in IBL, such as dealing with uncertain knowl-
edge and undetermined results, experiencing and communicating basic scientific values
and attitudes in a scientific community, or the transition from an everyday perspective to a
scientific perspective and development of an own reasonable and justifiable position.

In order to operationalise IBL in such strongly science-oriented forms, IBL conceptions
should be characterised by a set of design guidelines described in literature:

• An extensive timeframe, in which a whole research cycle can be realised [60–64],
• Learning processes that build on research questions that are not pre-determined by the

teacher but self-determined by the students’ based on their individual
interests [26,61,65,66],

• Complex content that can be addressed from different scientific perspectives [26,67],
• Extensive application of methods commonly used within a scientific discipline [68], at

best with the opportunity to choose from a broad methodical repertoire [67],
• Aiming at research findings that go beyond the individual learning processes and

might be of common (scientific) interest [69],
• Critical reflection and transparent, comprehensible communication of research results

and methods [26,60,65,70],
• High amounts of self-directedness and self-responsibility over the whole research

process [26,62,71–73],
• Various opportunities to experience research as a social, cooperative process [26,48,74],
• Organisational and content-related openness [26,67],
• Authentic problems that allow the embedding of learning processes into the complex

context of everyday realities [26].

Given this empirical and theoretical background, because of its inherent characteristics
IBL appears to be a suitable approach for fostering climate literacy, if extensive science-
oriented formats are applied.

1.4. Implementation of Inquiry-Based Learning at Schools

Unfortunately, it is precisely these close-to-science formats that are most rarely ap-
plied in school contexts (one exception is the “FLidO” project, which is currently under
development—see [75,76]). This can be partly explained by the fact that IBL, at least in
Germany, has a longer tradition as a university-didactic approach and therefore the scien-
tific discourse is still predominantly located in this context (see for example [26,74,77–84]).
Besides that, literature describes various challenges in IBL (see for instance [65,85–88]),
which doubtlessly represent even more limiting factors regarding school education. Our
own practical experiences at schools, as well as the considerable feedback from teachers,
show that one of the greatest hindrances is the rigid and narrow timeframe provided by
school curricula, which usually allow neither the accomplishment of a whole authentic
research cycle nor activities like field research that deviate extensively from the usual
“portioned” lesson structure. Moreover, strongly science-oriented IBL comes along with
increased content-related, methodical, and intellectual complexity and difficulty, which
represents unaccustomed challenges not only for students but also for teachers. Teacher
education tends to have a limited research orientation. Against this background, many
teachers have little experience in conducting and supervising research projects. Many teach-
ers are uncertain about the collection and analysis of data, and also about subject-specific
concepts, theoretical backgrounds, and the nature of science, as well as research ethics.
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As a result, especially in geography education, IBL often focuses on experimental
work-forms (see for example [89–94]), as such approaches might usually be not too time-
consuming and because the clear structure is better controllable and manageable. Corre-
spondingly, insights on effects and preconditions of IBL are predominantly derived from
concepts within the domain of natural science education, while those from the humanities
or social sciences are rather seldom (see for example [68,95]).

Many school projects and other forms of open education give students and teachers
the freedom to determine for themselves the topics to be covered. This is a great advantage
especially when, for example, climate change is not included in the existing curricula. The
so-called W-Seminar at Bavarian high schools (Gymnasien) provides an especially suitable
framework for such project-oriented teaching. It represents a science-propaedeutic seminar
(“W” abbreviates “wissenschaftspropädeutisch”, which translates as “science propadeutic”)
format in senior classes (grades 11 and 12, students aged 15–18), on the threshold between
school and university. Within the period of 1.5 years, students are meant to conduct research
on an individual topic and write a scientific seminar paper about it. Combined with IBL,
this format provides the potential for students to learn “in their own backyards” and to
create psychological proximity, to link different spatial and temporal scale levels, and to
foster conceptual change. Unfortunately, while there are official guidelines for planning
and exerting a W-Seminar [96–100], targeted considerations about how to implement close-
to-science IBL in this framework do not exist at all. So, approaches in the particular context
of CCE cannot be built on existing templates. Consequently, we aim to fill this gap with
our research.

1.5. Purpose of the Study and Research Questions

As shown above, IBL brings potentials for CCE when conceived in close-to-science
formats. Nevertheless, the realisation of authentic, science-oriented propaedeutics ac-
cording to the IBL approach in school contexts is a big challenge and, therefore, concrete
conceptions are rare. At the same time, (domain-specific) didactic theory is still lacking
specific knowledge on the school-based application of IBL in general and its application
particularly in CCE contexts. Especially for the school context, transferable how-to guide-
lines for close-to-science IBL are barely available (for the university context see [64,81]).
Therefore, our research aims at the identification of design principles for the realisation
of close-to-science IBL environments in the context of climate change at upper secondary
schools to address the potentials and challenges outlined in Chapter 1. Hence, our research
question is:

RQ1: How should a science propaedeutic seminar on regional implications of climate change
be conceptualised in upper secondary schools to support successful learning processes in a close-to-
science IBL approach?

To create a context-specific theoretical framework for the desired learning environment,
research sub-question 1a is:

RQ1a: Which design guidelines and implementation principles can be identified for the
[successful] design of close-to-science IBL on regional implications of climate change in upper
secondary schools?

To apply this theoretical framework for the design of a concrete learning environment
as a practical research output, research sub-question 1b is:

RQ1b: How can the identified principles be operationalised for the target group of upper
secondary school students in the conception of a learning environment?

2. Methods
2.1. Methodological Framework: Design-Based Research

These research questions focus on a so-called theory-practice problem [101]. Therefore,
we address these issues by implementing design-based research (DBR) as a methodologi-
cal framework. As an application-oriented basic research approach, DBR is particularly
appropriate for such theory-practice problems [101–104] because it combines empirical
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educational research and theory building with the development of learning environments
in practical contexts [103,105,106].

We follow a typical DBR research structure that consists of characteristic core elements
(see Figure 1). Starting from the underlying problem, an initial design of the learning
environment must be developed. As typical in DBR, this was based on a researcher-
practitioner cooperation: together with a teacher, we developed a concept for a W-Seminar
on the regional implications of climate change. For this purpose, we developed design
principles that are central to the DBR processes. These are considered to be context-specific
design criteria on different levels of concretisation (for a detailed definition see [104]).
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In a first step, we derived a set of superordinate “design guidelines” from theoretical
and empirical research literature to comprehensively implement science-oriented IBL and
bring its potentials regarding CCE to fruition (see Chapter 1). These theory-based design
guidelines were set as a baseline for the subsequent research process and therefore not
subjected to further modification. Based on them, we developed a structure for the seminar
concept by applying the logic of a prototypical scientific research cycle to the organisational
framework of the W-Seminar format. In a second step, for the individual phases of the
conception we derived further design principles on the specific levels of operationalisation
from the superordinate design guidelines; in doing so, design guidelines were differentiated
into “implementation principles” (i.e., influencing factors at key points that are likely to
be relevant in the design of the learning environment). These in turn were translated into
a “target-group-specific operationalisation”, which consists of a finely structured set of
individual didactic-methodical decisions. As a concrete practice output, these three levels
of design principles can then be realised as detailed tasks, methods, materials, and the like.
Table 1 represents an exemplary illustration of the systematic approach in the DBR process,
as described above.

In a third conceptual step of the initial design, we created a pilot version of the learning
environment based on this catalogue of theory-driven design principles, applied it in the
pilot W-Seminar and evaluated it via unstructured participant observation and oral teacher
feedback (see Figure 2). Therefore, researchers intensively accompanied the individual
sessions of the entire seminar (except a few single sessions that were spent on classroom
tests or organisational issues) to detect any aspects that appeared relevant. In addition, our
cooperating teacher gave us regular feedback on her observations over the whole seminar
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process. These practical experiences allowed us to identify the first central requirements
for lesson practice and to integrate them into the initial design.

Table 1. Examples for the different operationalisation levels of design principles.

Design Guidelines
(Example)

Implementation
Principles
(Examples)

Target Group-Specific
Operationalisation

(Examples)

Concrete Practice
Output (Examples)

Learning processes in IBL
should build on research

questions that are not
predetermined by the teacher

but self-determined by the
students based on their

individual interests

IBL should provide occasions
that allow students to find

individual fields of interest for
their research projects

[ . . . ] [ . . . ]

IBL should include learning
steps which enable students to
formulate individual research

questions based on their
interests

Provision of central quality
criteria for adequate research

questions

• Worksheet “Criteria for a
good research question“
+ complementary
materials

• Worksheet “Different
types of research
questions”

Confinement and
concretisation of individual

thematic contexts

• Worksheet “Steps on the
way to a research
question” + sample

[ . . . ] [ . . . ]

IBL should include learning
steps which enable students to

develop individual
methodical research designs

based on their interests

[ . . . ] [ . . . ]

[ . . . ]

[ . . . ]

Sustainability 2022, 14, x FOR PEER REVIEW 8 of 29 
 

teaching and CCE, different subject combinations (in Germany, teachers at secondary 
schools usually teach two or more core subjects), or different overall teaching experiences. 
This enabled us to assess multiple needs during the DBR process and to address them 
with our conception. The fundament of the application in these two main cycles was a 
comprehensive in-detail teachers’ manual, including lesson schedules, planning 
documents, templates, learning materials, theoretical backgrounds, and additional 
information sources, which was handed out to the teachers in the respective latest version 
(a current version is available as a preprint; see [107]). To make sure the conception would 
be exerted in the intended way, we developed a three-day teacher training session, in 
which our cooperating teachers participated in advance of the respective W-Seminar. 
Additionally, participating teachers were given the opportunity to contact us via a weekly 
telephone consultation hour. This showed that teachers, in sum, were getting along very 
well with the manual and the basics conveyed in the teacher training—questions mainly 
focused on organisational issues like lending research equipment from the university. In 
all schools, the same teacher was teaching the same students over the whole course of a 
seminar. 

The seminars of each generation started at the beginning of a new school year in 
September. As the total duration of a W-Seminar is 1.5 years, this created an overlap of 
half a year in the pilot phase and the two main research cycles. Consequently, the data 
analysis and redesign had to be timed to gain a head start for the implementation of the 
results into the next cycle. This means that while the respective new seminar generation 
had already started based on the redesigned conception of the first seminar phases, data 
analysis for the redesign of the advanced seminar phases was still carried out (see Figure 
2). The insights gathered from the main cycles 1 and 2 were finally implemented in 
“Application 3”, which is currently being carried out at 24 schools (24 teachers and 336 
students) but not subjected to the above-mentioned research questions. 

The goal of this DBR-typical iterative approach was to investigate the suitability of 
the identified design principles for supporting different facets of students’ learning 
processes during IBL. In doing so, both design principles and the resulting learning 
environment could be optimised and further developed successively through the 
iterations of the DBR process. 

 
Figure 2. Concretised structure of the DBR process (own representation). 

2.2. Data Collection and Analysis 

Figure 2. Concretised structure of the DBR process (own representation).



Sustainability 2022, 14, 3544 8 of 29

Finally, we subjected the completed initial design to two main design cycles. In total,
34 teachers and 433 students participated in the 34 seminars that were included in these
two main cycles (14 seminars in cycle 1 and 20 seminars in cycle 2). In total, together
with cycle 3, 769 students were part of the seminar. Teachers (mainly in the public school
system) could voluntarily apply with their classes for the seminar concept, which was
promoted via the central institution for teacher training and professionalisation in Bavaria.
The offer should address every interested teacher–in doing so, we were able to include
teachers with diverse backgrounds, such as different experiences in science teaching and
CCE, different subject combinations (in Germany, teachers at secondary schools usually
teach two or more core subjects), or different overall teaching experiences. This enabled us
to assess multiple needs during the DBR process and to address them with our conception.
The fundament of the application in these two main cycles was a comprehensive in-detail
teachers’ manual, including lesson schedules, planning documents, templates, learning
materials, theoretical backgrounds, and additional information sources, which was handed
out to the teachers in the respective latest version (a current version is available as a
preprint; see [107]). To make sure the conception would be exerted in the intended way,
we developed a three-day teacher training session, in which our cooperating teachers
participated in advance of the respective W-Seminar. Additionally, participating teachers
were given the opportunity to contact us via a weekly telephone consultation hour. This
showed that teachers, in sum, were getting along very well with the manual and the basics
conveyed in the teacher training—questions mainly focused on organisational issues like
lending research equipment from the university. In all schools, the same teacher was
teaching the same students over the whole course of a seminar.

The seminars of each generation started at the beginning of a new school year in
September. As the total duration of a W-Seminar is 1.5 years, this created an overlap of half
a year in the pilot phase and the two main research cycles. Consequently, the data analysis
and redesign had to be timed to gain a head start for the implementation of the results into
the next cycle. This means that while the respective new seminar generation had already
started based on the redesigned conception of the first seminar phases, data analysis for the
redesign of the advanced seminar phases was still carried out (see Figure 2). The insights
gathered from the main cycles 1 and 2 were finally implemented in “Application 3”, which
is currently being carried out at 24 schools (24 teachers and 336 students) but not subjected
to the above-mentioned research questions.

The goal of this DBR-typical iterative approach was to investigate the suitability of
the identified design principles for supporting different facets of students’ learning pro-
cesses during IBL. In doing so, both design principles and the resulting learning environ-
ment could be optimised and further developed successively through the iterations of the
DBR process.

2.2. Data Collection and Analysis

With our research, we aimed to consider as many aspects and influencing factors
regarding successful learning processes as possible. This open, explorative character
requires a holistic in-detail assessment of the learning processes in a natural application
context rather than controlled conditions [108–110]. Therefore, we chose to employ methods
from the qualitative paradigm.

As we wanted to include both the teachers’ perspective and the researchers’ perspec-
tive into the assessment of our research questions, we applied data- and method-related
triangulation [110,111] by employing the following methods.

2.2.1. Focus Group Discussions

As one approach, we referred to the experiences and observations of cooperating
teachers who applied our seminar concept during the respective main design cycles. For
this purpose, we applied focus group discussions, in which the group members discuss a se-
lected topic and mutually react to their considerations with, for example, consent, denial, or
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complementing remarks [109,110,112]. This was particularly necessary to draw as precisely
as possible an image of the important aspects for the assessment of our research question.
To structure and focus the discussion, we concentrated on the following perspectives:

• Evaluation of the overall process structure,
• Selected aspects of specific seminar phases (e.g., comprehensibility of particular learn-

ing materials),
• Evaluation of student interest and motivation over the course of the learning process

and assumptions about influencing factors,
• Evaluation of the practical suitability of different seminar units and learning tasks,
• Experiences with implemented guidance measures,
• Experiences and challenges regarding the specific teacher role.

In design cycle 1, we had 10 cooperating teachers participating in the discussion, and
9 teachers in design cycle 2. The focus group discussions were recorded on video and
transcribed for further processing.

2.2.2. Semi-Standardised Written Teacher Survey

Additionally, we employed semi-standardized questionnaires [109,113,114]. In ad-
vance of the focus group discussions in research cycle 1, teachers were asked to share their
experiences with the seminar conception regarding a set of selected questions. Five teachers
answered the questions, which were, for example:

• “In your opinion, what went well in your W-seminar in phase XY, and what did not?”
• “In what way do you consider the structure of phase XY-regarding the internal struc-

ture of the individual lessons and the sequence of sessions within the phase-to be
effective, and in what way not?”

• “At which points do you consider the guidance measures for students provided in the
concept as appropriate, and at which points not (e.g., work materials, learning tasks,
didactic-methodical decisions, teaching impulses)?”

• “How do you determine your assessment and what suggestions can you think of to
make the guidance even more effective?”

For a more detailed assessment of single seminar lessons, especially within the emer-
gence and planning phase, teachers were asked to answer questions on specific aspects of
their impressions and observations during the learning processes after each lesson. These
questionnaires were answered by four teachers each in the first and second design cycles.
Exemplary items from the questionnaire are:

• “At which points of this session could the intended competence goals be achieved?”
• “How would you estimate the motivation of your students during this session and by

what was it influenced from your point of view?”
• “At which points did you as a teacher get along well with the conception of this

session, and where less so? What are possible reasons for that?”
• “In your opinion, how clear was the aim of the session’s individual learning steps to

your students?”

2.2.3. Participant Observation

We complemented the teachers’ perspective by semi-structured participant observa-
tion [108–110,114]. During various lessons throughout the seminar application, a researcher
was present in the classroom and followed the events. The lessons to be observed were
chosen based on the insights of the pilot cycle. We included seminar sessions that were
most likely to represent challenging steps of the IBL process, and therefore were most likely
to provide promising insights in the observation (this applies, for example, to the classroom
sessions of phase B, all the lessons of phase C, or the fixed-point sessions of phase D—see
Table 3). The researcher’s observations were based on a semi-structured observation sheet,
which focused on the assessment of existing design principles but also allowed unexpected
observations. Perspectives of the observation sheet were, for example, observable outcomes
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of individual learning tasks, indications of students’ comprehension problems, visible
influences of activities on students’ motivation, interaction between teacher and students,
or the suitability of the structure of learning steps. During the observations, the researcher
only interacted with students on a few occasions (e.g., small talk when observing students
working in groups, or organisational issues like how to use university infrastructure, such
as online public access library catalogues). This procedure was applied to three selected
seminars in the first main cycle and two seminars in the second main cycle. The observation
sheets were digitalised for further processing.

2.2.4. Data Analysis

The data gathered through all of the above-mentioned methodical approaches were fi-
nally analysed via qualitative content analysis. More specifically, we applied a combination
of thematic and evaluative qualitative content analysis [115]. In a first step, the existing
design principles were applied to the data as deductive analysis categories to identify those
of the design principles that seemed to be most relevant during the learning processes
(e.g., by appearing very frequently or particularly emphasized in the data). Additionally,
inductive categories were generated from the material (i.e., scattered observations that are
thematically related and can therefore be summarized in a new category). In a second
step, the design principles (respectively their target-group-specific operationalisations)
that could be identified as relevant by this means were evaluated to find out if they ex-
erted a positive or negative influence on the learning processes. From the results of these
analyses, we drew conclusions about the initially derived design principles (respectively
their operationalised implementations) that have an observable impact on the learning
processes, and about the way in which they foster the intended learning outcome. Based
on these insights, we refined and complemented the set of design principles and applied
them for the redesign of the learning environment as a starting point for the subsequent
research cycle.

3. Results

Based on the initial literature research, we were able to identify a set of superordinate
design guidelines for close-to-science IBL at schools. As mentioned above, they were
applied as a baseline for the subsequent research process. We differentiated this set of
design guidelines down on all levels of operationalisation (see Table 1) as a basis for the
concrete design of our learning environment. Over the course of the pilot phase and the
two main research cycles, we reworked and adjusted the catalogue of underlying design
principles. An overview of the final design guidelines and implementation principles is
given in Table 2.
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Table 2. Theory-based design guidelines and derived implementation principles for Inquiry-Based
Learning in the context of Climate Change Education.

Design Guidelines Implementation Principles

(1) IBL conceptions should provide an extensive
timeframe in which a whole research cycle can
be realised.

(a) IBL conceptions should contain a start-up phase to introduce
students into IBL and to give an overview of the following
learning process.

(b) IBL conceptions should contain a phase that allows students to
dive into the theoretical and empirical basics of the respective
learning context.

(c) IBL conceptions should contain a phase that allows students to
develop their own research questions, research methodical
designs, and chronological research plans based on their
individual interests.

(d) IBL conceptions should contain a phase that allows students
extensive field research activities.

(e) IBL conceptions should contain a phase that allows students to
present their research in a written and oral form.

(2) Learning processes in IBL should build on research
questions that are not predetermined by the
teacher but self-determined by the students based
on their individual interests.

(a) IBL should provide occasions that allow students to find
individual fields of interest for their research projects.

(b) IBL should include learning steps that enable students to
formulate individual research questions based on their interests.

(c) IBL should include learning steps that enable students to develop
individual methodical research designs based on their interests.

(d) IBL should include learning steps to evaluate and refine students’
individual research questions and methodical research designs.

(3) IBL should integrate complex content that can be
addressed from different scientific perspectives.

(a) The content in IBL learning environments should at best be
chosen to allow addressing it from the perspectives of natural
sciences, social sciences, and humanities.

(b) The content in IBL learning environments should have an
adequate level of complexity that allows and requires it to be
successively permeated by students’ research activities.

(4) In IBL, methods commonly used within a scientific
discipline should be extensively applied, at best
with the opportunity to choose from a broad
methodical repertoire.

(a) IBL should provide a broad methodical repertoire from the
respective scientific discipline.

(b) In IBL, methods for data collection commonly used within a
scientific discipline should be extensively applied.

(c) In IBL, methods for data analysis commonly used within a
scientific discipline should be applied.

(5) IBL should at best aim at research findings that go
beyond the individual learning processes and
might be of common (scientific) interest.

(a) Research questions in IBL should at best aim at findings that are
not only new for the learners themselves.

(b) Written and oral communication of students’ research in IBL
should at best highlight potentially new insights gathered
through students’ research processes.
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Table 2. Cont.

Design Guidelines Implementation Principles

(6) IBL should explicitly include critical reflection and
transparent, comprehensible communication of
research results and methods.

(a) IBL should include various occasions for students to reflect
critically on their individual knowledge generation processes.

(b) IBL should provide various occasions for students to reflect
critically on the information sources used in their individual
research projects.

(c) IBL should provide various occasions for students to reflect
critically on the individually applied research methods and their
limitations.

(d) IBL should require students to communicate their individual
research results and methods in a transparent, comprehensive
manner, including given limitations.

(7) IBL should be characterised by high amounts of
self-directedness and self-responsibility over the
whole research process.

(a) In IBL, students should be enabled to self-direct their individual
data collection and analysis processes.

(b) In IBL, students should be enabled to self-direct the written
communication of their individual research projects.

(c) In IBL, students should be responsible for the planning of their
individual research processes to an adequate extent.

(d) In IBL, students should be responsible for the success of their
individual research processes to an adequate extent.

(e) In IBL, students should be responsible for the quality of their
individual research results to an adequate extent.

(f) In IBL, students should be enabled to self-direct their acquisition
of basic knowledge about the given thematic context to an
adequate extent.

(8) IBL conceptions should create various
opportunities to experience research as a social,
cooperative process.

(a) IBL should include cooperative learning activities where
appropriate.

(b) IBL should include various occasions for common and mutual
reflection.

(c) IBL should include constructive peer-review and peer-feedback
within the learning group where appropriate.

(9) IBL should be characterised by organisational and
content-related openness.

(a) In IBL, deviations from the usual curriculum-based lesson
structure should be possible where necessary and purposeful.

(b) In IBL, both a concrete content-area should be defined, and
freedom for students to choose from this area should be given.

(10) IBL should focus on authentic problems that allow
the embedding of learning processes into the
complex context of everyday realities.

(a) Students’ research in IBL should at best address questions that are
meaningful for real life.

(b) Students’ research in IBL should at best be carried out on a local
to regional scale level.

(c) IBL should provide support for students to relate their research
interest to their own everyday realities.

(11) IBL should integrate various occasions to support
conceptual change.

(a) IBL should include occasions to make students’ misconceptions
visible for the teacher.

(b) IBL should provide occasions for students to experience cognitive
conflicts between scientific conceptions and their own mental
conceptions.

(c) IBL should provide occasions for students to reconstruct their
individual mental conceptions.
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Table 2. Cont.

Design Guidelines Implementation Principles

(12) IBL should support students to intensively
immerse into and research the factual basics of the
respective context.

(a) IBL should provide an adequate timeframe to enable students’
intense immersion into the factual basics of the respective context.

(b) IBL should provide adequate information sources and learning
materials to support students’ engagement with the factual basics
of the respective learning context.

(c) IBL should include occasions to evaluate students’ learning
outcomes when engaging with the factual basics of the respective
context.

(13) IBL should draw on targeted insights into
authentic science (in the sense of science carried
out by professionals in the respective field).

(a) IBL should aim to clarify the process and means of knowledge
production in the respective scientific discipline.

(b) IBL should implement examples to illustrate core characteristics
and concepts of science.

(c) IBL should include insights into potentials and limitations of
genuine science.

(d) IBL should include occasions to reflect on epistemological beliefs.

(14) IBL should integrate activities to practice
systematic scientific procedures.

(a) IBL should integrate activities to practice literature research.
(b) IBL should integrate activities to practice the development of

research questions and methodical designs.
(c) IBL should integrate activities to practice systematic data

collection.
(d) IBL should integrate activities to practice systematic data analysis.
(e) IBL should integrate activities to practice the written and oral

communication of research projects.

(15) IBL conceptions should provide an adequate
amount of guidance for the students.

(a) IBL conceptions should provide adequate guidance on the level
of content knowledge and cognitive competences.

(b) IBL conceptions should provide adequate guidance on the level
of research methods and procedural research skills.

(c) IBL conceptions should provide adequate guidance on the level
of emotional and motivational aspects.

(d) IBL conceptions should provide adequate guidance on the level
of organisation.

(16) IBL conceptions should provide an adequate
amount of support for the teachers to guide the
students through their learning processes.

(a) IBL conceptions should support teachers to convey content
knowledge.

(b) IBL conceptions should support teachers to convey methodical
knowledge and procedural research skills.

(c) IBL conceptions should support teachers to provide students with
motivational support.

(d) IBL conceptions should support teachers to provide students with
organisational guidance.

(e) IBL conceptions should support teachers to moderate reflection
processes among the students.

(f) IBL conceptions should support teachers to provide students with
situational ad-hoc support over the whole learning process.

Based on them, we created and successively redesigned the learning environment,
which incorporates finely structured didactic-methodical decisions on the level of target-
group-specific operationalisation, as well as concrete tasks, methods, and materials. A
summary overview of the final structure of the learning environment is given in Table 3:
The first column shows the chronological structure of the seminar phases and individual
sessions. The second column provides short descriptions of the sessions’ central contents,
which at the same time represent the target-group-specific operationalisation (see Table 1)
of the implementation principles that come to fruition in the respective seminar sessions.
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The underlying implementation principles, in turn, are depicted in the right column of the
table. For example, the design guideline 2b (“IBL should include learning steps that enable
students to formulate individual research questions based on their interests.”) is realised
via the provision of central quality criteria for adequate research questions in session C4 of
the seminar concept.

Table 3. Final operationalisation structure of the learning environment and underlying implementa-
tion principles.

Target-Group-Specific Operationalisation Underlying Implementation
Principles

Phase A
Seminar Start

1 Session (90 min), 1 Brief excursion (90 min or more)

2 weeks in total

Applying to whole phase:
1a, 3a

A1

• Introduction to the seminar concept and preview on the IBL approach.
• Students’ first encounter with concepts of “research” and “science” and

formulation of a working definition.
• Brainstorming of previous knowledge about climate change.
• Brainstorming of interrelations between the global climate change

phenomenon and regional aspects which can be observed by the
students.

10b, 11a, 11c, 13a

A2

• Brief excursion in the students’ home region based on the “jigsaw
technique”.

• Exemplary application of authentic research methods (measurement of
climate elements with the “senseBox” system, observation of
climate-related behaviour, survey among passers-by on
climate-relevant aspects, online analysis of bark beetle data) to inquire
selected implications of climate change on a regional scale (in “expert
groups”).

• Mutual presentation and common reflection of the applied research
methods and gathered insights in “home groups”.

• Considerations about connections between the abstract global and the
visible regional scale of climate-related phenomena.

4b, 8a, 8b, 9a, 10a, 10b, 13a, 13b,
14c, 15b, 16b

Phase B
Diving into the Matter

Five sessions (90 min each) over the course of at least 6 weeks,
+ self-directed work at home in between the sessions

6–8 weeks in total

Applying to whole phase:
1b, 3a, 3b, 5a, 9b, 12a, 12b, 15a, 16a

B1

• Reflection and postprocessing of A2.
• Overview over Phase B and introduction to the e-learning platform

“Onlinekurslabor”.
• Beginning of elaboration of the causes and functionality of global

climate change via interactive learning modules (Basic Module 1).

6c, 8b, 10c, 11a, 11b, 11c, 13a, 16e
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Table 3. Cont.

Target-Group-Specific Operationalisation Underlying Implementation
Principles

Homework
• Self-directed elaboration of the causes and functionality of global

climate change via interactive learning modules (Basic Module 1). 7f, 9a, 11b, 11c, 13a

B2

• Consolidation of knowledge about the causes and functionality of
global climate change in plenary session:

# Classroom quiz about scientific basics of climate change,
# Role play: Discussion between scientific common sense and

climate change deniers.

• Beginning of elaboration of the global and regional effects of climate
change via interactive learning modules (Basic Module 2).

8b, 11a, 11b, 11c, 12c, 13a, 13d, 16e

Homework
• Self-directed elaboration of the global and regional effects of climate

change via interactive learning modules (Basic Module 2). 7f, 9a, 10b, 11b, 11c, 13a, 13b, 13c

B3

• Consolidation of knowledge about the global and regional effects of
climate change in plenary session:

# Reflection of an interview with a climate researcher about
regional effects in Germany,

# Reflection of regional implications of climate change depicted in
the IPCC report,

# Thematic clustering of the already visible effects of climate
change in Bavaria.

• Beginning of elaboration of influencing factors on the individual and
societal perception of climate change via interactive learning modules
(Basic Module 3).

8b, 10a, 10b, 11a, 11b, 11c, 12c, 13a,
13b, 13c, 13d, 16e

Homework

• Self-directed elaboration of influencing factors on the individual and
societal perception of climate change via interactive learning modules
(Basic Module 3).

7f, 9a, 10c, 11b, 11c, 13d

B4

• Consolidation of knowledge about influencing factors on the individual
and societal perception of climate change in plenary session:

# Reflection of the concepts of “framing” and “agenda setting”,
# Online research on current examples for “framing” and “agenda

setting” in regional media,
# Reflection of students’ real-life experiences with the

influenceability of own perceptions.

• Beginning of elaboration of specialisation modules on regional climate
change (“Adaptation to climate change in cities”, “Climate change and
forest ecosystems”, “Phenology as bioindicator for climate change”,
“Climate-related changes of pollen-induced health stress”, “Selected
approaches for climate protection in Bavaria”, “Climate change and the
water cycle”, and “Climate change and soil ecosystems”).

• Students choose two out of a total of seven modules on specific
thematic perspectives on climate change, based on their interests.

2a, 6b, 8b, 10c, 11a, 11b, 11c, 12c,
13d, 16e

Homework

• Self-directed elaboration of specialisation modules on regional climate
change.

• Preparation of a short presentation about one of the chosen
specialisation modules in groups.

2a, 7f, 9a, 10c, 13b
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Table 3. Cont.

Target-Group-Specific Operationalisation Underlying Implementation
Principles

B5
(2 weeks after

B4)

• Short presentation of the elaborated content of the specialisation
modules. 12c

Phase C
Emergence and Planning

Eight sessions (90 min each) over the course of 10 weeks

10 weeks in total

Applying to whole phase:
1c, 3a, 3b, 7c, 7d, 7e, 9b, 10a, 10b,

10c, 13a

C1

• Introduction and description of important chapters for the written
seminar paper via a sample structure.

• Preview on the learning steps for the successful development of
individual research plans (Advance Organizer).

• Formulation of students’ initial research interests via the “flash
response technique”.

2a, 15c, 15d, 16b, 16c, 16d, 16e

C2

• Introduction to and try-out of relevant research methods in a “gallery
walk” (qualitative interview study, quantitative survey study,
phenological observation, sensor-based soil moisture measurement,
biological water analysis with indicator organisms, measurement of
climate parameters with the “senseBox”, bark beetle monitoring,
dendrochronology, microscopic pollen analysis, and phenological lab
experiments).

• Assignment of potentially suitable research methods to the respective
individual fields of interest.

2a, 2b, 2c, 4a, 6c, 8a, 15b, 16b, 16f

C3
(1 seminar
session + 1
week for

homework)

• Interest-based elaboration of content areas for the students’ individual
research projects via mind maps.

• Further elaboration via mutual peer-review of the mind maps.
• Introduction to means and techniques of scientific literature research.
• Narrowing down of the individual thematic contexts based on targeted

literature research and structuring techniques.

2a, 2b, 6b, 8b, 8c, 9a, 14a, 14b, 15a,
15b, 16b, 16f

C4
(1 seminar
session + 1
week for

homework)

• Common reflection of the aims and functions of a scientific research
question.

• Provision of central quality criteria for adequate research questions.
• Further confinement and concretisation of individual thematic contexts

based on targeted literature research and structuring techniques.
• First draft of individual research questions.

2b, 8b, 9a, 13b, 14a, 14b, 15a, 15b,
16b, 16f

C5

• Typologizing of students’ research question drafts (e.g., explain sth.,
design sth., determine a trend of sth. . . . ).

• Mutual reflection of research question drafts via peer-feedback.
• Redaction of individual research questions.
• Criteria-based peer evaluation of research question drafts.
• Further redaction and submission of individual research questions to

the teacher.

2b, 2d, 8b, 8c, 13b, 14b, 15b, 16b,
16c, 16e, 16f
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Table 3. Cont.

Target-Group-Specific Operationalisation Underlying Implementation
Principles

C6

• Finalisation of students’ research questions based on teacher feedback.
• Introduction of central characteristics and provision of quality criteria

for an adequate methodical research design.
• First draft of individual methodical research designs based on students’

individual research questions.

2b, 2c, 2d, 4a, 13b, 14b, 15b, 16b,
16c, 16d, 16f

C7

• Mutual reflection of methodical research design drafts via
peer-feedback.

• Redaction and finalisation of students’ individual methodical research
designs.

• Introduction of important considerations for chronological research
plans.

• Beginning of development of individual chronological research plans.

2c, 2d, 6c, 8b, 8c, 13b, 14b, 15b,
15d, 16b, 16d, 16e, 16f

C8

• Further development and finalisation of individual chronological
research plans.

• Preview of field research phase.
• Introduction of a “researcher’s logbook” as a documentation

instrument for the field research phase.

7c, 15d, 16c, 16d, 16f

Phase D
Field Research

At least four sessions (90 min each) + students’ individual research activities,

12–16 weeks in total (+ summer holidays)

Applying to whole phase:
1d, 3b, 4b, 4c, 5a, 7a, 7d, 7e, 9a,

10b, 11b, 11c, 14c, 14d

D1

• Reflection of previous work with the “researcher’s logbook”.
• Reflection of previous progress during the first weeks of students’ field

research with a special focus on potential difficulties.
• Common development of solution strategies for the most frequent

problems.
• Individual elaboration of further research steps with support by the

teacher.

6a, 6c, 6d, 8a, 8b, 13c, 15b, 15c,
15d, 16b, 16d, 16e, 16f

D2
• Individual advisory and guidance of students during their individual

field research by the teacher.
5a, 6a, 6b, 6c, 6d, 7c, 11a, 13a, 15a,

15b, 15c, 15d, 16b, 16c, 16d

D3

• Mutual presentation of central aspects of the students’ individual
research projects in a “speed dating” scenario.

• Elaboration of flash presentations (“pitches”) of the students’
individual research projects.

• Application of the pitches in plenary as preliminary exercise for
upcoming interim presentations.

5b, 6d, 8c, 14e, 15b, 15c, 16f

D4/ . . .
(at least one

pre-sentation
session)

• Interim presentations of the students’ individual research projects with
focus on research question, data collection and first insights. 5b, 6d, 14e, 15c
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Table 3. Cont.

Target-Group-Specific Operationalisation Underlying Implementation
Principles

Phase E
Writing Workshop

Six sessions (90 min each) until submission deadline for written seminar papers,
+ students’ individual elaboration of their seminar papers

6–8 weeks in total

Applying to whole phase:
1e, 7b, 7d, 7e, 13a, 13b, 13c, 14e,

15b, 15d, 16b, 16d, 16e, 16f

E1

• Wrap-up of the students’ previous writing activities during the field
research phase and summer holidays via the “flash response
technique”.

• Workshop session on the requirements and quality criteria of the
“Introduction” chapter of the written seminar paper:

• Clarification of the central functions of the introduction chapter in a
scientific paper.

• Derivation of the requirements and quality criteria of the introduction
chapter based on an example.

• Either peer-review of already existing individual drafts, or elaboration
of individual drafts for the introduction chapter within the seminar
session.

8c

E2–E6

• Workshop sessions the chapters “Theoretical Background”, “Research
Question”, “Methods”, “Results”, and “Discussion” of the written
seminar paper:

# Clarification of the central functions of the respective chapter in
a scientific paper,

# Derivation of the requirements and quality criteria of the
respective chapter based on an example,

# Either peer-review of already existing individual drafts, or
elaboration of individual drafts for the respective chapter
within the seminar session.

5b, 6a, 6b, 6c, 6d, 8c

Phase F
Seminar Conclusion

Timespan between submission of seminar papers and final presentations

~2 months in total

Applying to whole phase:
1e, 7d, 7e, 9a

F1/ . . .
• Preparation and realisation of the final presentations of the students’

individual research projects. (usually carried out individually). 5b, 6d, 14e

To demonstrate how these results were achieved, we exemplarily elucidate selected
findings in the following. All the aforementioned research methods delivered important
and useful data. Especially, the teachers’ quotes obtained from the focus group discussions
and the teacher surveys were most suitable to present vivid insights into the data. In the
following, we therefore integrate exemplary quotes to illustrate our research findings.

On the whole, one overarching insight emerged from the data: in IBL, many factors—
such as the composition and prerequisites of the learner group—come together to create
learning processes that are often difficult to plan and that need to be guided and supported
depending on the situation. This requires advanced competences from the teachers, such as
for example procedural/methodical skills, factual knowledge, or the ability to provide ad
hoc support in various learning situations. Consequently, many teachers expressed great
uncertainty regarding their capability to adequately deal with all these eventualities, as, for
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example (all quotes presented in this paper are translations of the original German-language
source material):

“[ . . . ] I have a [research question by a student] about climate-sceptical media and their
influence on people. [...] For me this is rather difficult now, this whole media thing, as I
am a natural scientist.”

“The topic of research methods and their implementation is a challenge for many students
which they do not really dare to approach, because such work is completely unknown to
them, and they would like more preparation. Because of all the different [approaches], this
is of course not easy [for me].”

“Beginning with session C2 [ . . . ], the teacher should also be clearly aware that all of the
following work steps lead to the students’ moving on to their research questions [ . . . ].
The challenge is that you calm down the students who panic quickly and assure them that
they do not have to worry about choosing the wrong topic or about not finding a suitable
research question.”

These insights clearly express the need to design the learning environment in a way
that not only supports the students in their learning processes but also the teachers in
guiding these learning processes. Therefore, this finding has not only led to the inductive
development of respective design principles (see Table 2, principles 16a-16f), but has
also strongly shaped the target-group-specific operationalisation of all the other design
principles in the learning environment. In sum, we addressed these challenges in two ways:
on the one hand, we optimized the teachers’ manual by integrating numerous remarks,
tips, suggestions, additional information and materials, and other supporting elements for
the teachers (e.g., hints to provide learning impulses in particular lesson phases and brief
heuristics on how these impulses could be given), and on the other hand, we modified the
students’ learning materials, tasks, and information sources so that they simultaneously
aid the teachers to support students’ learning processes.

This was the case, for instance, in phase B, which was designed particularly to en-
able students to acquire important knowledge about climate change on both a global
and regional scale, which includes the differentiation of existing mental representations
(conceptual change). To help teachers convey this complex, extensive knowledge (see
implementation principle 16a), we developed a set of interactive online learning modules
that focus on the causes and functionality of climate change, its global and regional effects,
and the factors that influence the individual and societal perceptions of the phenomenon.
To realise important design guidelines, such as 12 (“IBL should support students to inten-
sively immerse into and research the factual basics of the respective context.”) or 13 (“IBL
should draw on targeted insights into authentic science.”), these modules were designed
to be very target oriented from the very beginning, for instance by including reflections
on the nature of climate science and the validity of its findings. To present the modules’
contents in a vivid, comprehensible way, they were designed in a multimedia format (text,
tables, graphics, videos, audios, and interactive tasks). Additionally, they contain various
self-examination and summary tasks to self-check the individual learning progress. Never-
theless, the evaluation of the pilot phase already showed that both motivation and learning
success decreased over time when students only worked self-directedly via the online
modules. As a consequence, following additional design principles like 8b (“IBL should
include various occasions for common and mutual reflection.”), we implemented fixed-
point sessions in between the homework phases to discuss the content of the respective
modules and to consolidate the desired knowledge in plenary. With this rearrangement,
motivation and learning success during phase B could be significantly increased. Over
the course of the main research cycles, the structure of these fixed-point sessions could be
further improved: the final version of session B2, for example, was focused more strongly
on supporting conceptual change (implementation principles 11a, 11b, and 11c) by imple-
menting a classroom quiz and a role play in which students are asked to discuss causes and
functionality of climate change from the perspectives of scientific common sense vs. climate
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scepticism. The contents of the redesigned version of session B4 were oriented closer
to students’ everyday realities (e.g., implementation principles 6b and 10c), as they are
required to reflect the influenceability of own perceptions, for instance by media “framing”
and “agenda setting”. The newly designed learning materials for these sessions at the
same time represent an orientation for the teachers to support the consolidation of factual
knowledge and to moderate reflection processes (implementation principles 16a and 16e).
As focus-group discussions showed, the overall final structure of phase B met the desired
goals:

“So that’s really great, the whole concept with the online course laboratory, all of the basic
modules and specialisation modules that are stored there. The students loved it, really. So,
they really enjoyed working with the whole thing. [...] I then wrote an impromptu task
about it. [...] It turned out quite neatly too. [They] learned quite well.”

As a second main goal of phase B, which forms the basis for the emergence and
planning phase, students should already be given the opportunity to focus on individual
interests within the context of climate change (implementation principle 2a: “IBL should
provide occasions that allow students to find individual fields of interest for their research
projects”). For this purpose, we created different specialisation modules, which address
regional implications of climate change from different thematic perspectives. They focus,
for example, on interactions between climate change and forest ecosystems, effects of
climate change on pollen allergies, or implications of climate change for urban areas.

In the pilot version of our seminar concept, every student was meant to work with
every one of the specialisation modules and then choose their individual field of interest. As
insights from the pilot phase indicated that students should be able to focus on individual
interests earlier in the learning process, this part of phase B also underwent a redesign
by applying additional design principles (such as 7f: “In IBL, students should be enabled
to self-direct their acquisition of basic knowledge about the given thematic context to an
adequate extent”). Students can now choose two out of seven of the specialisation modules
to further engage with. That this indeed allows them to set a rough direction for their
further planning is shown, for instance, by the following quote:

“And what was very good in finding the research question were the specialisation modules.
[...] I also had them give presentations there. After that, most of them already knew in
which direction their research should go. Then they also developed their own ideas and
then brought in a lot of personal things.”

The extensive field research period in phase D obviously enables the most self-directed
and self-responsible activities of the students’ individual research projects. While this comes
along with extraordinary high degrees of autonomy, it also carries the risk for students to
feel left alone or get bogged down in their research. Therefore, as our research has shown,
an adequate amount of individual guidance is necessary in this phase, especially during the
first weeks of field research. To pursue this goal, the idea of employing targeted fixed-point
sessions, as described in the table (see Table 3, phase D), has proven to be suitable in general.
At the same time, the individual counselling for students by the teacher turned out to be
especially difficult and time-consuming:

“Advising students is sometimes difficult, but necessary. [...] More time would be needed
for the deliberations.”

Therefore, we redesigned session D2 via two major adjustments. On the one hand,
we detached individual counselling from the idea of a single plenary session and instead
recommended to spread the counselling sessions over several days. Additionally, teachers
should request written progress descriptions by their students in advance. On the other
hand, we formulated hints and key questions in the teachers’ manual as a guideline for them
to facilitate target-oriented advisory (which refers to design principles 16b, 16c, and 16d).
Focus-group discussions showed that these adaptations led to significant improvements:
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“The one-on-one meetings that have already been held have worked very well. The
students sent me information on the current status of their research by E-mail. This was
extremely helpful for the individual advice.”

In general, design guideline 5 (“IBL conceptions should provide an adequate amount
of guidance for the students.”) has proven to play a major role. While each of the seminar
phases is characterized by particular difficulties that require suitable guidance measures
(e.g., the previously described self-directedness of phase D), one vivid example of this
is the balance between teacher-guidance and peer-feedback, which plays an important
role in several seminar sessions: Following design guideline 8 (“IBL conceptions should
create various opportunities to experience research as a social, cooperative process.”), we
implemented various occasions for students to mutually reflect on their progress and
support each other by differentiated feedback (i.e., implementation principle 8b and 8c).
Our data show that in many learning steps these peer activities were successful:

“The peer review was very motivating, as the students asked their classmates questions
and felt that they were being taken seriously. During this phase, the students were partic-
ularly focused. [...] Competence goal 1 [= ‘Students give their classmates constructive
feedback on their Mind Maps.’] could be fully achieved in the peer review phase [...].”

“This phase [= phase C] worked very well, as the students quickly discovered critical
points through the communicative exchange that they would hardly have come across on
their own.”

But on the other hand, we also found much evidence for situations in which such
peer activities were not sufficient, but the respective tasks required stronger feedback and
guidance by the teachers:

“So there, [with] just this peer feedback, they were a bit unsure [...] whether [...] their
research questions, their ideas, whether they can be implemented, whether this is some-
thing applicable. [...] At some point they said that it didn’t help them either, because they
wanted to know what I was saying about it.”

“I mean, [ . . . ] you shouldn’t really be surprised if the whole school experience has so
far resulted in the fact that the teacher clarifies what is right / important, how the course
is to be set–of course it is clear that this expectation is there, too. In addition to the peer
feedback, it is probably really important that the teacher gives this security.”

Fortunately, there are also several components in the learning environment, for which
the set of underlying design principles worked out quite well from the beginning and
which therefore underwent no further adaptations. So, for example, research data on
session A2 show almost entirely indications of successful learning processes. This session
was designed to get students in touch with genuine research, as well as the climate change
phenomenon, within their everyday realities. Here, the implementation principles 4b,
8a, 8b, 9a, 10a, 10b, 13a, 13b, 14c, 15b and 16b played especially major roles. These were
operationalised with a brief excursion in the students’ home region, based on the “jigsaw”
method. There, students are given the possibility to apply methods commonly used within
a scientific discipline to exemplarily inquire into selected implications of climate change
in their immediate surroundings and to share and reflect on their experiences in groups.
Focus-group discussions showed that teachers perceived these activities as very successful
(e.g., regarding the scientific connection between global climate processes and locally visible
aspects) and observed intense and motivated learning processes among their students, as
exemplarily illustrated in the following quotes:

“Especially the entry into the seminar, where there was also a strong presence at school,
was very successful, phase A. [A]nd then also with the [ . . . ] jigsaw-method, the students
were very happy to do that.”

“[The] introduction to research methods was intensively conveyed especially via the
excursion and was kept in remembrance by the students.”
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4. Discussion

In this paper, we investigated how a science propaedeutic seminar on regional impli-
cations of climate change should be conceptualized in upper secondary schools to support
successful learning processes in a close-to-science IBL approach. Therefore, we identified a
set of influencing factors, which play an important role for the success of such approaches,
particularly in the school context. Correspondingly to these factors, we derived and differ-
entiated a catalogue of central design principles, as depicted in Chapter 3, on three different
levels of operationalisation. Referring to RQ1a, especially the identified design guidelines
and implementation principles represent insights on a theoretical level, which we consider
as transferable to a certain extent. Applying them allows us to realise close-to-science IBL
in upper secondary schools and similar educational contexts. As these principles provide a
design framework, which was so far missing outside of the higher education context, they
can form the basis for targeted science-propaedeutics at schools addressed to the acquisition
of science literacy and other science-related competences (see [6,56]). Referring to RQ1b,
we provide design principles on the most concrete level of target-group-specific opera-
tionalisation that simultaneously represent detailed context-specific how-to-guidelines for
designing close-to-science IBL environments on the topic of climate change. As shown in
chapter 1, such learning conceptions can support the achievement of climate literacy via the
described characteristics and hitherto observed effects of IBL. Moreover, the final learning
environment as a whole, which was created throughout the DBR-process, represents a
valuable output on a practical level, as it is available for practitioners in an applicable,
ready-to-use format.

Our findings stand in line with previous research on requirements and principles of
good practice CCE: For instance, Cross and Congreve [116] identified seven principles for
good climate change teaching in the context of undergraduate higher education which
match our set of design principles in large parts. Their postulates, such as that in CCE
assessment needs to be authentic, that students’ skills to engage with climate change (as
a wicked problem) should be clearly scaffolded, or that climate change teaching should
be meaningfully enriched by appropriate technology can be confirmed by our design
principles, respectively the experiences with our learning environment.

Nonetheless, the study is explicitly focused on close-to-science IBL. Against this back-
ground, the generated design principles and the resulting teaching concept can certainly
only unfold their full effect in didactic arrangements that offer the framework conditions
for close-to-science IBL. These temporal and organisational framework conditions are espe-
cially given in project-oriented teaching. The example of the science propaedeutic seminars
in upper secondary schools in Bavaria shows what is possible at schools—if enough time
is made available for inquiry-based learning. It is a great pleasure to experience the stu-
dents’ motivation and sense of achievement that can arise in such a learning arrangement.
Unfortunately, however, such frameworks do not exist often, both in Germany and in
an international perspective, and it is often not easy to create them given the complexity
of educational systems. Often, individual schools can make few independent decisions
because they are dependent on the educational policies of their district or state. We believe
that IBL has such a high educational value that a course should be set in educational policy
to provide such learning experiences to as many students as possible.

As one of the most central findings of this study, we consider the fact that the teachers
in close-to-science IBL at schools represent an important influencing factor on the success
of the learning processes, which is consistent with Hattie’s findings [117,118] and in the
context of climate change with implications made in a study by Onuoha et al. [119].

In line with this, our data shows comparatively high demand on teachers in IBL in
many dimensions of professional teacher competence (see [120,121]). This is particularly
true for the dimensions of Content Knowledge (CK) and Pedagogical Content Knowledge
(PCK), because here these are not limited to the respective school subject (here geography).
Rather, CK and PCK on a factual and procedural level extend to the whole scientific
dimension of the subject, which goes well beyond what is usually required from teachers
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in a school context. One potential attempt to address these challenges could consist in a
more widespread integration of IBL into university-based teacher education, as for example
Huber [26] or Fichten [79] demand. Inquiry-based learning in teacher education can not
only be exciting and motivating, but also generate experiences from which students can
later benefit. Teachers who have collected and analysed data themselves in their training
and, in the best case, have also had the opportunity to reflect on the nature of science, can
bring these competencies to bear in their work with their students.

Additionally, IBL requires advanced skills on the level of teacher noticing (see [122]),
especially the many situations over the course of IBL processes, in which ad hoc support
by the teacher becomes potentially necessary, that require both an advanced perception of
students‘ need of guidance and an adequate reaction to it.

Beyond the dimension of professional skills and knowledge, we learned from teachers‘
feedback that they also felt uncomfortable with the different teacher role. In close-to-
science IBL, teachers are not meant to be omniscient educators and conductors of the
learning processes, but rather coaches and learning companions on eye-level with the
students [64,85] and, as such, part of a research (and learning) collective. Against this
background, a shift from still widely present transmissive views on learning to a more
constructivist perspective seems necessary. Especially in the IBL context, approaches like
Knowledge Building could be promising [123–125].

In sum, with its findings this study builds the foundation for further research. So, for
example, a quantitative approach with standardised instruments seems very promising to
assess the acquisition of intended science- and climate-related competences by students
learning with the designed IBL environment. Additionally, effects of the conceptions on
important CCE-related constructs could be measured in further studies, so for instance
the reduction of psychological distance, the fostering of Conceptual Change, increases in
critical thinking skills, or effects on students’ interest and motivation.

Limitations

Nevertheless, there are still some important aspects to shed light on. First, detailed
insights particularly on the emergence and planning phase (= phase C in our conception)
are missing so far. This is important in that a closer look, for example at official planning
documents for school practice (e.g., [100]), shows that it is usually exactly this phase of the
research cycle that is left out or at least vastly narrowed down. Given the fact, that this
phase is explicitly considered as an important element of IBL [60,61,63], insights on the un-
derlying difficulties and challenges are needed. Consequently, throughout our DBR project
we have been collecting additional data on phase C, which is currently being analysed. Fur-
thermore, our observations do show that our IBL environment can support dispositions for
climate-related action among the students, but targeted educational elements to specifically
foster climate-related action, respectively dispositions for action, are not yet implemented
within the conception. Approaches to address this dimension are the subject of a current
research project.

Additionally, research findings on the regional and individual approach, which is
central to our IBL conception, are currently missing. The idea of students conducting
research in their immediate surroundings, within their own everyday realities, and based
on their individual interests represents a core element of our learning environment. Due to
research literature, these characteristics are very likely to result in effects that are desirable
in the CCE context (e.g., the reduction of psychological distance to the climate change
phenomenon, or the fostering of conceptual change by own experiences). In our study, we
have taken these theoretical linkages as basic presumptions on which we developed our
conception. Nevertheless, it seems very promising to examine how far our IBL environment
contributes to these effects. Here, targeted approaches might help to gain interesting
insights. This also applies for the perspectives of the students. These were so far only
assessed indirectly via the teachers’ observations. Thus, it has not yet been finally clarified
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how the learning environment affects motivation, interests, and willingness to engage in
pro-environmental behaviour. Future research should therefore focus on these aspects.

So far, no research ethics have been addressed in the conceptualisation of the learning
environment, as no challenges have arisen in connection with the research questions of the
students. Therefore, it has not yet proven necessary to integrate the corresponding imple-
mentation principles. However, in cases where research questions with such challenges are
chosen by the students, this might become important.

The applied method of participant observation might raise the question of to what
extent the presence of the observer and his interaction with the students could have caused
reactivity effects. Regarding the pilot cycle (and to a very limited extent possibly also
regarding main cycle 1) these cannot be excluded, as during this phase interaction was
necessary to find out which specific measures of guidance were needed by the students.
For the main research cycles, especially cycle 2, such effects can be seen as very improb-
able because interaction between researchers and students was limited to small talk or
organisational issues, as described above.

Further limitations relate to the applied DBR approach. So, for instance, it is obvi-
ous that the mere design of a learning environment cannot determine successful learning
processes, considering the described significance of the teacher in close-to-science IBL.
Possibilities in DBR to address this factor are predominantly limited to the learning envi-
ronment, while, for example, teacher education can hardly be influenced. Nevertheless,
through the DBR process we were able to identify design principles to support teachers in
guiding students’ learning processes the best way possible, which we operationalised in
the resulting learning environment and implemented into complementary measures like
the aforementioned teacher training (see Section 2.1).

Besides that, the DBR approach, aiming to create a complex set of design principles as
a theoretical and practical output, is not capable of identifying isolated variables. Causal
statements in the format of “x leads to y” are not possible because the applied design
principles always work together as a whole to achieve a particular effect. This is naturally
inevitable in DBR, but at the same time this approach allows us to comprehensively capture
as many potentially relevant context factors as possible and to create a learning environment
that, as a whole, achieves desirable effects. This represents a great advantage in exploratory
research projects.

DBR with its iterative character also brings the question about when to consider a
conception and the respective design principles as “final”. In theory, the more iterations
one executes, the more differentiated the output becomes. In our project, we decided to
complete the research process after one pilot cycle and two main research cycles for two
main reasons. First, our conception meets four central criteria that usually determine the
number of iterations in practice [126,127]. It is designed on the basis of state-of-the-art
knowledge (content validity), its constituting parts are linked to each other in a logical,
coherent way (construct validity), the end users can apply it in the way it was intended by
the developers (practicality), and it results in the desired learning outcomes (effectiveness).
Second, a perpetual in-detail adaptation would not be practicable, in that beyond a certain
threshold it would only result in reactions to the individual characteristics and needs of
the respective learner group in which it was applied—in other words, even if the learning
environment is developed to an optimal state in general, there will always be a margin for
improvement when addressing a particular learner group.
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