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Introduction: A key goal of Climate Change Education (CCE) in schools is promoting climate literacy in students, that is, equipping them with the skills needed to engage in climate-related discourse and actions in an informed way. To determine whether CCE achieves this goal, comprehensive assessment is essential. However, existing assessment instruments focus narrowly on factual scientific knowledge of climate change and offer limited insight into students' broader climate literacy. This study presents the development of an interdisciplinary climate literacy test for secondary students, integrating perspectives from nine school subjects across the natural sciences, social sciences, technology, and the humanities.

Method: The development process involved a cognitive pretest (N = 20), two pilot studies (N1 = 353, N2 = 313), a teacher survey (N = 36), and a validation study (N = 825). We provide a validity argument supporting interpretation of the test score as a meaningful measure of CCE outcomes in secondary education.

Results: The test difficulty is suited for 9th-grade students (approximately 15 years old) across all school types in Germany. Empirical results support the theoretically derived four-dimensional structure of climate literacy, covering the four competence facets of (1) Dealing with content knowledge, (2) Knowledge generation and evaluation, (3) Information and communication, and (4) Normative evaluation. Correlations with external variables suggest that the test captures a school-related competence that is relevant to students' everyday lives.

Discussion: The developed test provides an interdisciplinary and detailed assessment of secondary students' climate literacy. We recommend its use for comprehensive evaluation of CCE efforts, enabling the design of more targeted and effective interventions.
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1 Introduction

Climate change poses an urgent threat to both natural ecosystems and human societies (Cook et al., 2013; IPCC, 2022). Immediate action is needed to reduce greenhouse gas emissions and adapt to increasingly severe impacts such as rising sea levels, extreme weather, and resource scarcity (IPCC, 2022). Addressing this global crisis requires transformative changes across all levels of society. Climate Change Education (CCE) plays a crucial role in this transformation by equipping individuals with the knowledge and skills to take informed action and support systemic change (e.g., UNESCO and UNFCCC, 2016; Otto et al., 2020). To advance CCE in schools and develop both effective and efficient educational interventions, meaningful insights into the current state of students' competencies as well as detailed information about particular deficits are needed.

While educational systems consistently evaluate their students' ability in reading, science, or mathematics, for example, within the PISA assessments (OECD, 2017), less is known about young people's understanding of climate change and their ability to act. For both monitoring the current state of CCE and deriving further interventions, a valid and reliable instrument is needed. However, previous attempts to assess student outcomes in CCE have several shortcomings, providing only a limited view of students' actual competencies. Current instruments often focus primarily on factual knowledge and adopt a narrow natural science perspective while neglecting social science aspects (Lubej et al., 2025). Moreover, questions and problems are often presented in an abstract way with little connection to students' everyday lives (Lubej et al., 2025). Yet, school education aims not only to convey essential knowledge about the scientific processes and consequences of climate change but also to empower students to engage in public discourse and make informed decisions (e.g., Redman and Wiek, 2021; Kranz et al., 2022). Therefore, a comprehensive evaluation of students' climate change-related competencies should go beyond factual knowledge, integrate perspectives of both natural and social science as well as technology and the humanities, and state problems in a way that they are relevant to students' everyday experiences.

In the present study, we therefore took a comprehensive and interdisciplinary view on climate literacy (United States Global Change Research Program, 2009). We present a test designed to assess cognitive components of adolescents' climate literacy based on an interdisciplinary framework (Stadler et al., 2024). We further describe the process of validating its score interpretation using data collected from both student and teacher samples. The test can then be used to evaluate the effectiveness of CCE measures in school and to inform the development of targeted interventions.


1.1 Fostering climate literacy

While definitions of climate literacy vary, three key elements are commonly recognized: first, individuals must have a solid conceptual understanding of Earth's climate system, along with procedural and epistemic knowledge of climate science. Second, they need the ability to access and critically evaluate scientifically credible information on climate change, as well as effectively communicate about it. Finally, climate literacy includes attitudes and values that support responsible decision-making regarding adaptation and mitigation strategies (United States Global Change Research Program, 2009; DeWaters et al., 2014; Azevedo and Marques, 2017; Kuthe et al., 2019). This broad definition highlights the connection between climate literacy and the related concept of scientific literacy. A scientifically literate individual not only possesses knowledge of and about science but also demonstrates key attitudes, such as a willingness to engage with scientific issues (OECD, 2017; Sjöström and Eilks, 2018). In this sense, climate literacy can be considered a specific application of the broader concept of scientific literacy (Bybee, 2012; Azevedo and Marques, 2017).

The nature of the literacy construct comprising both cognitive and affective-motivational components requires an assessment that distinguishes between cognitive components, such as knowledge, and affective-motivational components, such as attitudes (Klieme et al., 2008; Kahan, 2015). In this study, we focus on the cognitive part of climate literacy (i.e., conceptual knowledge and the ability to apply this knowledge to solve corresponding tasks), as we see a particular lack of validated instruments in this area compared to a broad research body on attitudinal measures stemming from environmental education (Kaiser et al., 2007; Bogner, 2018). Moreover, although CCE addresses affective-motivational parts as well (Cantell et al., 2019), the cognitive part of climate literacy is the primary focus of school curricula (Leve et al., 2023, 2025). As one intended purpose of our test instrument is to assess the extent to which school systems facilitate climate literacy, it must have the same focus as school curricula. In the following, we will use the term climate literacy to describe the cognitive aspects.

The central task of promoting climate literacy among students is not confined to a single school subject but is better understood as a cross-curricular effort that should be taught in an interdisciplinary manner (Leve et al., 2023; Hargis, 2024). Currently, climate change is primarily addressed in geography and science classes (Siegmund Space and Education, 2021). However, there is a growing call to also incorporate perspectives from the social sciences and humanities to fully capture the complexity of climate change as a socio-scientific issue (Shwom et al., 2017; Eames et al., 2024), including, for example, considerations of intergenerational justice or political measures for climate change mitigation (Kranz et al., 2022).

When it comes to the concrete enactment of CCE in school, researchers and political actors often call for “novel” or “innovative” methods (see Jorgenson et al., 2019; Monroe et al., 2019 for reviews). Especially holistic and action-oriented approaches like the Whole School Approach (e.g., Holst et al., 2024) are suggested as promising for advancing CCE, and thus their use is also supported on a policy level (UNESCO, 2020). However, their evaluation relies on self-report measures of knowledge or skills (e.g., Holst et al., 2024; Keller et al., 2024). Relying solely on self-report measures can be problematic as students typically do not or cannot assess their own knowledge validly (Stoutenborough and Vedlitz, 2014). Moreover, a recent meta-analysis summarized the effectiveness of interventions aimed at fostering climate literacy in formal elementary and secondary education (Aeschbach et al., 2025). Although the authors found an overall medium effect of CCE interventions on students' cognitive outcomes (here: knowledge), they point out that a large proportion of studies used ad hoc measures that had not previously been validated making it difficult to compare results across studies and to derive recommendations for practice (Aeschbach et al., 2025). Thus, in order to evaluate and compare the effectiveness of these highly demanded “novel” approaches to CCE, objective and valid measures of cognitive learning outcomes are needed.



1.2 Current assessment of climate literacy

Research on CCE outcomes, whether cognitive, motivational, or behavioral, has increased greatly during the past decades (García-Vinuesa et al., 2024; Segade-Vázquez et al., 2025). Thereby, various instruments are used to assess cognitive CCE outcomes in high school students (e.g., Stevenson et al., 2014; Bedford, 2016; Kuthe et al., 2019), educators (McNeal et al., 2014; Boon, 2016), and the general public (e.g., Tobler et al., 2012). However, when considering the comprehensive understanding of climate literacy as defined by the United States Global Change Research Program (2009) provided above, several shortcomings of the often-used tests and questionnaires can be noted. First, these instruments typically assess only factual knowledge—often in a true/false response format (e.g., Tobler et al., 2012; Stevenson et al., 2014; Kuthe et al., 2019). However, simple true/false questions fail to capture the specific alternative conceptions students have as well as difficulties students typically struggle with, for example, concerning the complex interconnections within the climate system (Shepardson et al., 2014; Schauss and Sprenger, 2021), the greenhouse effect (e.g., Schubatzky et al., 2024), or mitigation and adaptation strategies (Bofferding and Kloser, 2015). Moreover, such a question format bears the risk of oversimplifying the complexity of the climate system and its cause-effect relationships (e.g., “The floods and droughts in the Amazon are caused by climate change,” Higuchi et al., 2018; “Without greenhouse gases Europe would be an ice desert,” Deisenrieder et al., 2020). Finally, guessing probability is relatively high for true/false items, which may result in ceiling effects. In contrast, knowledge tests with single-choice or multiple-choice test items (e.g., Libarkin et al., 2018; Schubatzky et al., 2024) are less affected by guessing and therefore allow a more valid estimate of a person's knowledge.

A second limitation of existing assessment instruments is their predominant focus on the natural science aspects of climate change, such as the greenhouse effect (e.g., Flora et al., 2014; Schubatzky et al., 2024), and on knowledge about individual mitigation behaviors like energy conservation and recycling (Tobler et al., 2012). However, if CCE is to be promoted as an interdisciplinary effort spanning multiple school subjects, including the social sciences, technology, and the humanities (e.g., Leve et al., 2023), then assessment tools must reflect this broader scope. Additionally, given that individual actions have limited impact on climate change mitigation, a valid assessment of action and effectiveness knowledge (Roczen et al., 2014) needs to be expanded to include knowledge of political and economic measures, which often have significantly greater impact (Kranz et al., 2022).

Finally, to effectively inform educational measures, outcome assessment should go beyond providing a single global indicator and instead offer nuanced insights into the various facets of the targeted competencies, as only the diagnosis of specific weaknesses enables adaptation of educational interventions. For example, in the domain of physical science conceptual knowledge, well-designed concept inventories can validly and reliably uncover common alternative conceptions students hold, such as misunderstandings about the greenhouse effect (Schubatzky et al., 2024). Insights gained from such detailed assessments can then inform the development of targeted interventions that address exactly those areas where students still need support. To advance CCE, it would be valuable to extend this approach of fine-grained diagnostic assessment beyond the physical science content as well as beyond the focus on conceptual knowledge.

To summarize, there is a gap between the aims of CCE on the one hand and the instruments used for assessing whether these aims are met on the other hand. While the desired outcome of CCE, climate literacy, is defined as a multifaceted and interdisciplinary competence, current instruments merely assess reproduction and recognition of factual knowledge or self-reported knowledge, often with a strong focus on the natural sciences (Lubej et al., 2025). Systematically evaluated measurement instruments that enable a comprehensive, accurate, and valid assessment of cognitive outcomes of CCE are still lacking (Aeschbach et al., 2025).

Thus, we aimed to develop a test to assess climate literacy that meets three key criteria essential for advancing research on effective CCE. First, the test should cover the full range of knowledge crucial for dealing with climate change, incorporating not only the scientific basics but also the technological, social, political, and economic dimensions, reflecting the complex, interdisciplinary nature of climate change as a socio-scientific issue (Shwom et al., 2017). Second, it should be a valid measure of the competencies adolescents need to engage with climate change-related issues in their daily lives, requiring them not only to reproduce factual knowledge but also to apply it and critically engage with new information. Finally, the test results should provide detailed insights into the specific areas where educational efforts should be directed to in order to improve climate literacy among students.

To achieve these objectives, test development in the present study is grounded in an interdisciplinary framework of climate literacy. As research on sustainability education and CCE is currently criticized for a lack of connections to established theories and methods in educational research (Gräsel et al., 2013), the model closely aligns with existing definitions of the related construct of scientific literacy (Kampa and Köller, 2016; OECD, 2017). In the following section, we outline this interdisciplinary framework and describe how it informed the development of the assessment.



1.3 An interdisciplinary framework of climate literacy

In accordance with the definition of climate literacy (United States Global Change Research Program, 2009), Stadler et al. (2024) have constructed an interdisciplinary framework that serves as a theoretical foundation for the development of the competence test. The framework focuses on the cognitive part of climate literacy–namely, the knowledge and abilities essential for understanding and addressing climate change–while deliberately avoiding conflation with subjective beliefs or motivational aspects. To ensure compatibility with existing educational evaluation initiatives, both nationally and internationally, the authors sought to build on well-established competence models, including the scientific literacy framework of PISA (OECD, 2017) and the competence model used to evaluate the educational standards in Germany (Stanat et al., 2021).

While the literature on CCE goals typically refers to largely content-independent key competencies, such as critical thinking (Mochizuki and Bryan, 2015) and dealing with uncertainty (Stevenson et al., 2017), it is essential to acknowledge the context-dependency of competencies as an important factor in competence modeling (Klieme et al., 2008; Weinert, 2001). Accordingly, a summary of essential factual and conceptual knowledge forms the content base of the climate literacy framework. To this end, the framework is guided by an interdisciplinary approach (Stadler et al., 2024). The initial stage involved group discussions with experts from various disciplines and their didactics, namely biology, geography, physics, technology, politics, economics, food and consumption, fashion and textile, and religious and ethical education. Thereby, experts synthesized the content and objectives identified in existing literature on CCE into 12 fundamental concepts that represent the essential knowledge students should acquire about climate change (a translation of the German full list of the fundamental concepts formulated is provided in the Supplementary material). These 12 fundamental concepts can be subsumed under four content areas, namely (1) Scientific basics of the climate system, (2) Causes of climate change, (3) Impacts of climate change, and (4) Action options and barriers, which align with previous work by other authors (Adamina et al., 2018). An evaluation by another group of experts in the areas of climate sciences (meteorology, geology, climatology), geography, and sustainability governance was conducted to ensure coverage of all relevant content from the perspective of the academic disciplines (Stadler et al., 2024).

To further clarify how climate literacy entails applying this essential knowledge, Stadler et al. (2024) formulated four key competence facets. These competence facets draw upon the aforementioned established competence models of scientific literacy (OECD, 2017; Stanat et al., 2021) and include (1) Dealing with content knowledge, (2) Knowledge generation and evaluation, (3) Information and communication, and (4) Normative evaluation. Table 1 provides descriptions of the four competence facets. Following Stadler et al. (2024), a competence test assessing the broad construct of climate literacy should address all four competence facets. While conceptual knowledge as summarized in the four content areas presented above is most prominently addressed in the competence facet of Dealing with content knowledge, it nevertheless provides the contextual frame for all competence facets (see Figure 1).

TABLE 1  Description of the four competence facets of climate literacy.


	Competence facet
	Description





	Dealing with content knowledge
	Students know and understand phenomena of the climate system and climate change, explain them with reference to findings from climate science and make predictions based on them, and can derive, describe, and justify suitable actions (including strategies and measures) for dealing with climate change.

 
	Knowledge generation and evaluation
	Students know and understand how research is conducted in climate science to derive the most robust findings about climate change. They can interpret and evaluate climate-related statements in terms of their data and evidence. This competence area can further be differentiated into two aspects, namely (1) generating, processing, and interpreting questions and hypotheses, and (2) reflecting on the theory of science. The latter involves awareness of the characteristics of knowledge acquisition processes, climate science knowledge, and models.

 
	Information and communication
	Students can access information on climate change and select relevant and meaningful information and data from different forms of presentation (e.g., texts, tables, graphs, diagrams, and images). Moreover, they can examine various sources and forms of representation for their consistency as a prerequisite for engaging in argumentative exchange and communication with others based on this information. This competence area primarily addresses those forms of communication that occur through media (e.g., social networks, video platforms, newspapers, television) and play an important role in the public discourse on climate change.

 
	Normative evaluation
	Students evaluate findings of climate research and statements of people on climate change in normative terms. They can classify situations in which an evaluation is to be conducted, as well as the evaluation criteria relevant to these situations. A particular focus lies on evaluating action options and their impacts, which requires perspective-taking and impact assessment.







[image: Flowchart depicting four main categories: “Dealing with content knowledge,” “Knowledge generation and evaluation,” “Information and communication,” and “Normative evaluation.” Each category elaborates on related tasks, such as understanding climate systems, evaluating data, selecting relevant information, and assessing climate change statements in normative terms.]
FIGURE 1
 Interdisciplinary framework of climate literacy. Adapted from Stadler et al. (2024).




1.4 The present study

In the following, we present the development process of a climate literacy competence test and evaluate arguments for the validity of the intended interpretation of the test scores. Following the current discussion on test score validation, validity is not considered a feature of a test, but more a “process of constructing and evaluating arguments for and against the intended interpretation of test scores and their relevance to the proposed use” (AERA et al., 2014, p.11). Thus, in the validation process, researchers need to gather arguments that support the intended use and interpretation of a test score (Kane, 2013; AERA et al., 2014).

Following this argumentative approach of validity, we first define the intended use and interpretation of the test scores along with claims that back this intended interpretation. For each validity claim, we provide one or multiple theoretical and empirical sources of evidence that we will use to evaluate the claim. These sources include the item development procedure, a cognitive pretest and two pilot studies with students, an expert review of the test items with schoolteachers, and a main study with the final item pool.



1.5 Validity argument
 
1.5.1 Intended use and test score interpretation

The test should provide comprehensive insights into the climate literacy of students at the end of their compulsory schooling in Germany. It can be used to evaluate the primary outcome of CCE measures, that is, to what extent students are able to participate in social discourse of climate change and to engage with climate-change related issues in an informed way. Therefore, the test should be sensitive to detect differences in proficiency within the target group of German adolescents. Moreover, the test score should provide nuanced insights into students' climate literacy to allow for targeted development of educational measures.



1.5.2 Claim 1: all aspects of climate literacy are represented; no aspect is over- or underrepresented. All items are relevant for the construct represented

Sources used for evaluation: We report on the item development process conducted by an interdisciplinary team, including perspectives from experts across nine school subjects. The interdisciplinary framework of climate literacy (Stadler et al., 2024) served as guidance for item development to ensure comprehensive coverage of competence and content aspects. To evaluate the test content's relevance for CCE in secondary school, a teacher sample of diverse backgrounds rated the items in terms of their suitability for assessing climate literacy. Following the standards of educational testing, this evidence can be regarded as evidence based on test content (AERA et al., 2014).



1.5.3 Claim 2: test difficulty is suited for German students in 9th and 10th grade. The test is sensitive to differences in proficiency levels typical for the target group

Sources used for evaluation: We conducted a cognitive pretest including think-aloud interviews to investigate whether students engaged in the intended cognitive processes. Two sequential pilot studies informed the adaptation of stimuli and answer options, providing evidence based on response processes. In a final validation study, we analyzed item difficulties using IRT modeling (Embretson and Reise, 2000) to evaluate their distribution relative to the proficiency levels of the student sample. To complement the empirical analysis, we collected schoolteachers' estimations of item difficulty for the respective age group. These expert judgments offer an additional perspective on the appropriateness of test difficulty for the target population. Finally, to ensure test fairness, we investigate differential item functioning (DIF; Ackerman, 1992) across school types. While we expect differences in the overall test score between students from different educational tracks to be similar to those typically found for German students' scientific literacy (e.g., Stanat et al., 2021), high DIF items would constitute an unfair disadvantage for students of one school type. Test fairness addresses the evidence category of consequences of testing.



1.5.4 Claim 3: the assessment instrument represents the four-dimensional structure of climate literacy with four separable competence facets as outlined in the climate literacy framework

Sources used for evaluation: We conduct model comparisons on the main study data, evaluating relative fit indices such as Akaike Information Criterion (AIC) and sample-size adjusted Bayesian Information Criterion (BIC). We expect a four-dimensional model, where each item loads on a specific competence facet, to provide a better model fit compared to a one-dimensional model, in which all items load on a single latent trait. Comparing these concurrent models provides evidence based on internal structure.



1.5.5 Claim 4: the competence measured is distinct from generic cognitive abilities and can be shaped through school education

Sources used for evaluation: We investigate correlations of the test score with standardized tests of reading ability and general cognitive abilities. We expect moderate correlations of the test with general cognitive ability, aligning with findings from prior assessments of competencies, such as scientific literacy (Baumert et al., 2009). Furthermore, we expect the test scores to be moderately related to a standardized reading test, given that reading comprehension is a crucial prerequisite for engaging with complex test items that assess application of knowledge rather than reproduction or recognition. However, we expect only moderate correlations (i.e., 0.20 < r < 0.40; Cohen, 1988) of climate literacy with these generic constructs to ensure that the developed test measures a domain-specific construct rather than merely reflecting general intelligence. To further evaluate in what way the test can capture school efforts in fostering climate literacy, we compare mean test scores across school types. We expect students at upper-track secondary schools to outperform those at middle- and lower-track schools, with a moderate to large effect size (i.e., d > 0.5; Cohen, 1988), consistent with findings from national educational assessments in the area of scientific literacy (e.g., Stanat et al., 2021).



1.5.6 Claim 5: climate literacy assessed with this instrument is relevant for teenagers' active participation in social climate change discourse

Sources used for evaluation: We examine correlations of the test scores with motivational-affective and behavioral components of climate literacy, thereby addressing the evidence category of relations to external variables. Previous studies have shown that knowledge of causes and consequences of climate change was significantly related to attitudes about climate change (Tobler et al., 2012; Stevenson et al., 2014; Loy, 2018). Moreover, prior research suggests positive relations of more general environmental knowledge and pro-environmental behavior (Roczen et al., 2014). Thus, we expect medium positive correlations of the climate literacy test score with both climate change-related attitudes and behavior.





2 Method


2.1 Item development and pilot testing

The item development process was grounded in the interdisciplinary climate literacy framework presented above. Figure 2 provides an overview of the steps involved in the development process. First, teacher educators from nine educational disciplines (biology, geography, physics, technology, politics, economics, food and consumption, fashion and textile, and religious and ethical education) developed 15 test items each, resulting in 135 items in total. The items were clustered into units of three to seven items addressing the same topic (e.g., renewable energies, fast fashion, sea level rise, etc.). To achieve a balanced set of items across the competency model as well as to standardize the item features, item construction followed several rules. First, each item should focus on one of the four competence facets and cover primarily one of the content aspects (see Figure 1). Second, the items should use different answer formats (single-choice, multiple-choice, and short response) and vary in the cognitive processes evoked (Bloom et al., 1956; Krathwohl, 2002). Thereby, we tried to prevent that items follow primarily a certain style that is typical for a particular subject. For example, an item from the area of religious and ethical education required the students to assign typical statements about consumption (e.g., meat-based diet) to their underlying values (e.g., tradition) and thereby resembled in its structure a typical item from the natural sciences that required students to assign typical statements to whether they referred to the concept of weather or climate. Third, to ensure relevance to adolescents' everyday lives, items should be embedded in real-world contexts (e.g., social media comments and peer discussions), whenever possible. Finally, the 15 items from each subject area should cover a broad range of difficulties.


[image: Flowchart illustrating the stages of a study. Initial item pool development involves 135 items across nine subjects. Cognitive pretest with 20 students. Quantitative piloting I with 353 students and 173 items. Quantitative piloting II with 313 students and 181 items, alongside a teacher review involving 36 teachers. Main study with 825 students and 177 items. Arrows indicate progression through stages.]
FIGURE 2
 Overview of the test development process and empirical studies conducted.


The initially developed test items of each subject area were thoroughly reviewed by a second educational expert with a background in a different subject to ensure clarity and to eliminate ambiguity in the intended correct answers. This step was especially valuable for social science items, addressing topics such as responsibilities for mitigation efforts or the consequences of political decisions that are often more ambiguous than physical or biological facts, such as the concentration of greenhouse gases in the atmosphere.

We pretested the initially developed items in think-aloud cognitive pretests with 20 9th-grade students from various school types. Thereby, each student received two to three units resulting in a testing time of about 30 min per student. Additionally, we handed out test booklets to five school classes during substitution lessons. We asked the students to circle any words they did not understand. We used the information gained from both the think-aloud sessions and the written feedback to revise the items. Moreover, we used the students' associations to the items uttered during think-aloud to develop another 38 items covering topics not yet addressed so far.

Building on this work, we conducted two quantitative pilot studies with students in grade 9 and 10 (N1 = 353 and N2 = 313; see Table 2 for details on the samples) to obtain information about the functioning of the individual items and of the test. Specifically, we analyzed item functioning within item response theory (IRT; Embretson and Reise, 2000) and relied on item difficulty and discrimination parameters as well as item infit (WMNSQ) to identify poorly functioning items.

TABLE 2  Overview of the student samples in the two quantitative pilot studies and the main study.


	Sample information
	Pilot 1
	Pilot 2
	Main study





	Data collection

 
	Time period
	Nov 2022 – Dec 2022
	Mar 2023 – Apr 2023
	Jun 2023 – Jul 2023

 
	N students
	353
	313
	825

 
	School grade
	10
	10
	9

 
	Distribution of students in upper/middle/lower track schools (in %)
	36/52/12
	79/21/-
	59/29/12

 
	Student characteristics

 
	Age mean (SD)
	15.9 (0.7)
	16.1 (0.6)
	15.6 (1.0)

 
	Gender distribution (in %): Male/Female/Other/Not indicated
	47/47/6/-
	44/52/4/-
	44/47/5/4

 
	Main Language spoken at home (in %): German/Other/Not indicated
	80/20/-
	83/17/-
	77/19/4






Simultaneously to the second pilot study, we presented the test items to 36 teachers (18 male, 18 female) in an online survey. All teachers taught at German secondary schools (upper track) and had on average 14.6 years of teaching experience (SD = 9.5; min = 1, max = 34). We ensured a diverse background of the teachers in both the natural and the social sciences. All teachers specialized in two or more subjects with most mentions in chemistry (9), biology (8), geography (7), and physics (6). Technology, religious and ethical education, economics/business, and social studies were named by four teachers each. As it would take too long to thoroughly comment on all items for one person, we presented each teacher only a subset of 20 to 25 items. The questionnaire presented each test item on one page along with a question on whether the test item is suited for assessing climate literacy (rated as 1 = no, 2 = rather no, 3 = rather yes, 4 = yes), a question on the estimated difficulty of the item for 9th graders (rated on a five point scale from “very easy” to “very difficult”), and an open question to provide an additional comment on the item (e.g., potential problems with assessment, improvements in wording).

We used both the data from the pilot studies and the teacher survey to remove and revise suboptimal test items. While a detailed presentation of the pilot study data and the resulting revisions would exceed the scope of this article, Table 3 provides a short overview of exemplary decisions and actions taken based on the pilot studies and teacher survey.

TABLE 3  Exemplary decisions on item revisions based on the pilot studies in student and teacher samples.


	Item information
	Pilot 1
	Pilot 2
	Teacher survey





	N items
	173
	181
	181

 
	Item difficultya (P)
	M = 0.42 SD = 0.21 Min = 0.06 Max = 0.88
	M = 0.45 SD = 0.23 Min = 0.03 Max = 0.96
	Not applicable

 
	Exemplary revisions in item pool based on the data collected
	•Reduction of reading load by splitting longer items •Focused on developing easier items to cover the full range of student abilities
	•Used student answers to former short response items to create closed items •Decided to use dichotomous items only instead of a mixture of dichotomous and partial credit items
	•Added useful distractors representing typical student conceptions brought up by teachers•Removed items criticized unanimously by teachers of multiple subjects






aItems in pilot study 1 and pilot study 2 contained 35 and 28 partial credit items, respectively, which were scored 0/1/2. The item difficulty (P) provided here indicates the percentage of students scoring at least one point. Thus, the mean and range cannot be directly compared to the data from the main study which contained dichotomous items only.




The final item pool for the main study consisted of 177 items in 43 thematically grouped units. Figure 3 shows two example items. The item “CO2-tax” is a multiple-choice item. It is assigned to the content area of Action options and barriers and the competence facet of Information and communication. For this item, all essential information needed for answering correctly is provided in the item stem and the graph. The item “Food waste” is a single-choice item and addresses the role of food waste in climate change. It is assigned to the content area of Causes for climate change and the competence aspect of Dealing with content knowledge. Here, students must apply their prior knowledge of energy consumption and greenhouse gas emissions to arrive at the correct answer.


[image: (A) A graphic about CO2 tax, showing its impact on gasoline costs from 2021 to 2025. It explains that the tax increases from 25€ to 55€ per ton. Options include conclusions about CO2 impacts on drivers, with selected options stating frequent drivers are more affected, and a sharper price rise expected after 2024. (B) A graphic on food waste, stating that a third of worldwide food is wasted, affecting the climate. The main reason given is that producing wasted food emits unnecessary greenhouse gases, indicated by a marked option.]
FIGURE 3
 Example items. The figure shows the items as they were provided in the computer-based assessment environment the students worked in. In the gray area on the left, the title of the current unit as well as the item number within the unit is displayed. The dark blue bars indicate the number of completed and upcoming units, respectively. Rectangular checkboxes allow selecting multiple answers, round boxes allow one answer only.




2.2 Main study

In the following, we report about the sample and assessment procedure of the main study. Additionally, we report on initial item quality analyses based on item response theory that led to the final selection of items for further analysis.


2.2.1 Sample

We obtained data from 825 9th-grade students (357 male, 387 female, 44 other, 37 not answered) in 17 secondary schools in the federal state Baden-Württemberg. In Germany, the secondary schools typically are organized in three tracks (upper, middle, and lower secondary school), which typically differ in their demographic characteristics. Of the 17 schools, nine were in the upper or academic track (“Gymnasien”), five were in the middle track (“Realschulen”), and three were a mixed form of middle and lower track students (“Haupt-/Werkrealschulen” and “Gemeinschaftsschulen”). In the total sample, the mean age was 15.6 years (SD = 0.98), and 154 students (18.7%) indicated another language than German as the main language spoken at home (for details on the main study sample, see Table 2). All studies involving school students (i.e., cognitive pretests, quantitative pilot studies, and main study) were approved by the ministry of education and cultural affairs of the federal state Baden-Württemberg. Informed consent for all studies was obtained from the students' parents. We did not pay any compensation, but the participating schools received feedback on the results of their school compared to the other schools as an incentive.

We had to exclude 40 students because their response times to the closed items as well as written responses to the open response items indicated that they did not take the test seriously. Specifically, we excluded students if either their answers to three or more open response items were coded as “not serious” (e.g., random letter series or insults against classmates or politicians) or the proportion of items answered in < 3 s exceeded 20%. After these exclusions, the final sample consisted of 785 students.



2.2.2 Materials

When measuring broad constructs, such as climate literacy, requiring many items to cover all relevant sub-facets, the number of items and thus testing time for each student can be reduced by assigning items to different test booklets (Frey et al., 2009). We arranged the 43 test units to seven booklets using a Balanced Incomplete Block Design (Frey et al., 2009; Frey and Bernhardt, 2012) to reduce test time to a feasible level. The booklet design also allowed us to control for position effects, that is, for example, overestimating the difficulty of the items positioned at the end of the test. Each student was randomly assigned to one of seven test booklets, each comprising between 73 and 78 items. The average difficulty (P) was similar for all seven booklets with mean difficulties ranging from 0.32 for the most difficult booklet to 0.40 for the easiest booklet. A detailed description of how we compiled the booklets can be found in the Supplementary material.

To investigate relations of the climate literacy test score with other cognitive constructs, we assessed general cognitive abilities and reading ability with standardized tests. Moreover, we assessed climate change attitudes and self-reported behavior with questionnaires.


2.2.2.1 General cognitive abilities

We used the non-verbal subscale matrices of a general cognitive ability test (CFT 20-R; Weiß, 2006) to measure a central part of fluid intelligence. We selected this subscale because it has shown a high correlation with the total score in the CFT (Visser et al., 2022; Weiß, 2006). The scale consists of 15 items, with each item presenting three connected patterns. Students select one pattern out of five options to complete the set provided. The students had 3 min to complete the test and were automatically forwarded to the next test. Reliability for the matrices test was good with Cronbach's α = 0.82.



2.2.2.2 Reading speed and fluency

We used the reading speed and fluency test for students in 5th to 12th grade (Schneider et al., 2017). A particular advantage of this test is that it measures reading comprehension economically and independently of prior knowledge (Schlagmüller et al., 2022). The test comprises a fairy tale of 2,006 words, including a total of 47 gaps spread across the text. For each gap, students have to select the word that fits the context best out of three options. After 6 min, they were automatically redirected to the next page. We assessed the reading speed and fluency test only in a randomly drawn subsample of 218 students. Reliability was good with Cronbach's α = 0.83.



2.2.2.3 Climate change attitude

We assessed attitude toward climate change with an adapted version of the General Ecological Behavior scale (GEB-40; Kaiser et al., 2007), which has been demonstrated to be an effective tool for measuring general attitudes in the environmental domain. This scale is grounded in the assumptions of the Campbell paradigm, which posits that an individual's attitudes toward a particular topic (here: climate change mitigation) are reflected in their engagement in behaviors that support the goal associated with that topic (Kaiser, 2021). Specifically, the stronger a person's attitudes, the greater their willingness to overcome potential barriers in pursuit of this goal. Additionally, the overarching attitude should become apparent in behaviors across different areas (Kaiser et al., 2007). Building on these assumptions, a person's attitude can be estimated from their self-reported behavior.

The adapted scale GEB-40-climate consists of 40 items covering everyday behavior, of which the students answer 34 on a five-point scale (1 = never, 5 = very often; example item: “When I make notes on paper, I use sheets of used paper that have already been printed on one side.”) and six in a dichotomous format (yes/no; example item: “I am a member of an environmental organization.”). The scale includes behavior in various areas (e.g., food and consumption, mobility, energy use, non-activist public behavior). In total, 29 items are positively worded, and 11 items are negatively worded. We computed person estimates using a one-dimensional Rasch model (see Kaiser et al., 2007 on the scaling of the GEB-40).



2.2.2.4 Climate-friendly behavior in the public sphere

Following the current discussion on collective agency in the context of CCE (Kranz et al., 2025), we focused on students' public mitigation behavior rather than their private consumption behaviors. As a single-item measure for a high impact public mitigation behavior (Nielsen et al., 2021), we asked the students whether they have already participated in the Fridays for Future demonstrations.




2.2.3 Procedure

Data collection took place in classrooms over three consecutive lessons, including two short breaks. Students worked individually on laptops or desktop computers. After an introduction into the different question formats, students were given up to 70 min to work on the competence test. We instructed them to read and answer the questions carefully but not spend excessive time on single items. After the competence test, students worked on the standardized cognitive ability and reading test, and finally answered the questionnaires on climate-change related attitudes and behavior.



2.2.4 Scoring

We scored all items dichotomously as solved completely (1) or not solved (0). The 13 short response items were coded according to a coding manual comprising definitions of wrong and correct responses as well as multiple examples per category. One trained rater coded all student responses. To determine interrater reliability, a second trained rater coded a random sample of 30% of the responses per item. For all items, the raters reached sufficient to excellent agreement with 0.76 < κ < 0.98 (Landis and Koch, 1977).

We treated missing values similar to PISA (OECD, 2024): items at the end of the booklet that were not reached within the test time was coded as missing. The test is designed as a power test and not as a speed test (Kaplan and Saccuzzo, 2001), meaning that we gain only limited information about a person's ability from the sheer number of items completed. Moreover, our main goal in this study is to assess the quality of the test items rather than a precise measure of person ability. Therefore, if we had coded items that were not answered due to a lack of time as incorrect, we would have overestimated their difficulty. In contrast, items within the test that were skipped without entering a response were coded as incorrect (0). Additionally, items that were answered in up to 3 s were coded as missing regardless of if the given answer was correct or incorrect. Our rationale for this decision was that giving a serious answer in < 3 s was not possible, and thus, the submitted answer would not provide valid information about a student's ability to solve this item. While for the PISA assessments this threshold for rapid-guessing typically is set to 5 s (Michaelides and Ivanova, 2022), we chose the more conservative criterion of 3 s to make sure not to lose too much information.



2.2.5 Analyses

We utilized the Rasch model (Rasch, 1960; Boone, 2016) to compute person and item measures which were used in further analyses to answer the research questions. Based on our theory driven operationalization of climate literacy and our systematic item development we expect that the items of our instruments fulfill the requirements of Rasch analyses: the test items can be answered independently from each other and their difficulty varies within each competence facet. Moreover, we expect climate literacy to be multi-dimensional as it consists of related but nevertheless different competence facets. The Rasch model allows testing the dimensionality of test instruments by comparing models (one-dimensional model vs. a four-dimensional model representing the competence facets) regarding the final deviance of the model estimation and information criteria such as AIC and BIC. However, to investigate the dimensionality of our test measures, theoretical considerations about the dimensionality of climate literacy were considered too, as we utilized the latent modeling in a confirmatory manner (Edelsbrunner and Dablander, 2019).

We performed an initial Rasch-scaling with all items using the R package TAM version 4.2-21 (Robitzsch et al., 2024) with a marginal maximum likelihood (MML) estimator. We specified a one-dimensional Rasch model with dichotomously scored items. We had to exclude one item before starting the analyses because we noticed an erroneous item formulation after data collection making the item impossible to solve, leaving 176 items for the initial scaling. We examined item infit (WMNSQ) to assess item quality. Typically, items with a WMNSQ between 0.8 and 1.2 demonstrate an acceptable fit to the Rasch model (Bond and Fox, 2007). Moreover, we visually inspected item characteristic curves (ICC) for unusual patterns deviating from the expected slope. Finally, we examined item-test correlations as a classical measure of item discrimination. While we excluded all items with negative discrimination as this indicates poor item quality in all cases, we did not use a strict cutoff for low discrimination, such as rit > 0.25 (e.g., Kampa and Köller, 2016; OECD, 2024). Rather, we examined whether exclusion of an item would lead to a meaningful increase of reliability. Thus, in some cases, we decided to keep items with relatively low discrimination in the test to preserve broad coverage of the construct climate literacy.

The initial scaling with 176 items showed a reliability of EAPRel = 0.89 and item infit values between 0.84 and 1.32. The discrimination of the items was −0.15 < rit < 0.54. After exclusion of 21 items with inacceptable infit or discrimination, or with irregular ICC, the model with the remaining 155 items showed a reliability of EAPRel = 0.90 and item infit values between 0.84 and 1.20. The discrimination of the items was 0.11 < rit < 0.55 with 15 items having a discrimination value below rit = 0.20. However, we decided to keep these items in the test as they were important from a content perspective. Of the remaining 155 items, 100 were multiple choice (e.g., multiple true/false statements on one stimulus), 42 were single choice (i.e., only one correct answer with three incorrect distractors), and 13 were short response questions. Moreover, 85 items addressed the competence aspect Dealing with content knowledge, 14 items addressed Knowledge generation and evaluation, 27 items addressed Information and communication, and 29 items addressed Normative evaluation. An overview of the items is provided in the Supplementary material. We performed all further analyses with these remaining 155 items.





3 Results

We report the results alongside the claims made for the validation argument. Thereby, we include different sources of evidence, namely, the test development process (claim 1), a cognitive pretest with students in the target age group (claim 2), two quantitative pilot studies with students in the target age group (claim 2), a main study with students in the target age group (claims 2, 3, 4, and 5), and a teacher survey (claims 1 and 2).


3.1 Evaluation of claim 1: all aspects of climate literacy are represented; no aspect is over- or underrepresented. All items are relevant for the construct represented

The test items were developed each addressing two features described in the interdisciplinary framework of climate literacy (Stadler et al., 2024), namely content aspects and competence facets. Thereby, each test item (primarily) represents one content aspect and one competence facet. Figure 4 shows the distribution of items according to the framework categories. Overall, the test items cover all competence facets and content aspects. However, there are some disbalances in the number of items in single cells. In the following, we will outline reasons for the cell disbalances.


[image: Matrix chart showing the relationship between climate knowledge areas and evaluation methods. Rows denote four topics: scientific basics, causes for climate change, impacts, and action options. Columns list methods: dealing with content knowledge, knowledge generation, information and communication, and normative evaluation. Each cell contains a number representing its association strength. For instance, “Action options and barriers” with “Dealing with content knowledge” scores 37, while “Climate change impacts” with “Normative evaluation” scores 1.]
FIGURE 4
 Distribution of test items along the content aspects and competence facets outlined in the interdisciplinary framework of climate literacy. Values in white boxes represent the absolute number of items covering the respective content and competence facets from the remaining pool of 155 items.


First, there is a strong focus on the competence facet Dealing with content knowledge. While knowledge alone is not enough to ensure responsible action (Kollmuss and Agyeman, 2002), a fundamental understanding of climate change is essential. For instance, without grasping how carbon dioxide influences global temperatures, individuals may struggle to comprehend the rationale behind political measures like fossil fuel taxes. Moreover, without a proper understanding of the scientific basics of climate change, people get susceptible to misinformation they encounter, for example through social media (Lutzke et al., 2019; Treen et al., 2020). However, research indicates that students have significant knowledge gaps and inadequate alternative conceptions about climate change (e.g., Wildbichler et al., 2024). Therefore, we put an emphasis on content knowledge to ensure that all relevant aspects of climate change (scientific basics of the climate system, causes and impacts of climate change, and action options and barriers) are adequately covered in the test. If only a few items were used, important content areas might be left out.

In contrast, for the other three competence facets, fewer items are needed because they assess domain-general competencies rather than specific content knowledge. For example, an item asking students to interpret a graph on the impacts of the CO2 tax on gasoline prices (see example item, Figure 3) is assigned to the content aspect of Action options and barriers. However, students need little prior knowledge of this topic, as all necessary information is provided in the graph. Similarly, evaluating a study design from a methodological perspective (competence facet Knowledge generation and evaluation) or relating statements about traveling to their underlying values and norms (Normative evaluation) requires only minimal engagement with specific content. As a result, while a few well-designed items can provide a reliable estimate of students' competence in these facets, assessing content knowledge requires a greater number of items to ensure comprehensive coverage of all relevant topics.

Second, regarding content, we particularly emphasized the aspect of action options and barriers. This content aspect can be described in more detail by referring to four basic conceptions, namely, mitigation and adaptation strategies, individual action in social structures, barriers to action, and ethical and religious justification for actions (for details, see Supplementary material and Stadler et al., 2024). To date, both educational interventions and assessment instruments primarily consider climate change from a natural science perspective (Aeschbach et al., 2025; Westphal et al., 2025). Moreover, when knowledge about actions is assessed (Tobler et al., 2012; Roczen et al., 2014), questions typically address single actions, for example, for energy conservation. However, to promote a holistic view on climate change as a socio-scientific issue, greater emphasis on the social sciences and the political perspective (Kranz et al., 2022) as well as on the interrelations of social and individual actions and the barriers to action (e.g., commons dilemma; Aitken et al., 2011) is required. To answer this call, about half of the test items in the climate literacy test presented focus on this social (e.g., political, economic) and ethical perspective.

Third, some combinations of content aspects and competence facets are not meaningful. For example, the competence facet Normative evaluation focuses on the application of normative criteria rather than the scientific evaluation of data or facts. As a result, it cannot be applied to just any content area. Evaluating CO2 levels in the atmosphere from a normative perspective or considering different perspectives on the distinction between weather and climate, for instance, would be inappropriate. However, normative evaluation is particularly relevant when assessing action options, such as understanding the perspectives of people affected by political measures. Therefore, most items addressing this competence facet were concentrated in the Action options and barriers content category.

Finally, some cells in the climate literacy framework remained less frequented or even empty not on purpose. Specifically, during the process of item development, pretesting, and pilot testing, we encountered difficulties with the functioning of items covering the competence facet of Knowledge generation and evaluation. These items often showed low or even negative discrimination and were either directly excluded or first refined and then still excluded. Low discrimination, that is, low correlations of the item score with the test total score, means that students with high ability levels typically do not solve these items more often or even less often than students with comparably low ability levels. One potential reason for that these items have insufficient discrimination might be that they require to ignore prior knowledge while focusing on generation of new knowledge (Amsel et al., 2008).

The teacher survey revealed mixed perceptions regarding the appropriateness of the test items for assessing climate literacy. Overall, item ratings were relatively high across all teachers (M = 3.10, SD = 0.48 on a scale from 1 to 4). However, 25 items received mean ratings of 2.5 or below, suggesting that many teachers would not (1) or would rather not (2) use these items to evaluate their students' climate literacy. A closer look at the data showed that teachers tended to rate items outside their subject area as less appropriate. For instance, a physics teacher might consider an item on climate-friendly food choices irrelevant for assessing climate literacy. It is important to note that while the test was designed to assess a school-related competence, it is not strictly aligned to a curriculum, as in Germany the curriculum makes relatively few concrete specifications regarding CCE (see Leve et al., 2025). Instead, the test is grounded in a normative competence model of climate literacy, which may not fully reflect what is currently taught in schools. Therefore, while the teacher ratings might back the use of most of the items, low appropriateness ratings alone do not warrant the removal of the items from the assessment.

To summarize, the test items cover all content areas and competence facets of the interdisciplinary climate literacy framework with a particular focus on the content area of Action options and barriers. A teacher sample with a background in various disciplines evaluates the majority of the items to be appropriate for assessing climate literacy in 9th-grade students.



3.2 Evaluation of claim 2: test difficulty is suited for German students in 9th and 10th grade. The test is sensitive to differences in proficiency levels typical for the target group

On average, the dichotomous items were solved by 37.7% (SD = 18.4) of the students with the easiest item solved by 79% and the most difficult item solved by only 4% of our sample. Thus, the test difficulty can be regarded as appropriate for the ability level of the sample with neither ceiling nor floor effects. For a closer evaluation of item difficulties across the test components, we examined Wright Maps of the item difficulties and person abilities, separated for the four competence facets Dealing with content knowledge, Knowledge generation and evaluation, Information and communication, and Normative evaluation (Figure 5). Wright Maps show item difficulties and person abilities on the same scale and therefore allow for examination whether the difficulties of the test items sufficiently cover the range of person abilities in a sample. A person with a particular ability level (i.e., a logit score) will solve items in the same difficulty with a probability of 0.5, items below that level with a higher probability, and items above that level with a lower probability. The mean person ability is fixed to 0 on the logit scale with abilities typically ranging from −3 to +3. Thus, the mean and range of item difficulties can be evaluated in terms of fit to the assessed sample.


[image: Four graphs display distribution of student abilities and item difficulties for the competence facets Dealing with Content Knowledge, Knowledge Generation and Evaluation, Information and Communication, and Normative Evaluation. Each graph shows histograms of student abilities on the left and single data points for item difficulties on the right. The logit scale ranges from negative three to four.]
FIGURE 5
 Wright maps of student abilities and item difficulties separated for the four competence facets.


The Wright Maps show that for the competence facets Dealing with content knowledge and Normative evaluation, the items cover nearly the full range of person abilities in our sample of 9th-graders. The items of the remaining two competence facets were relatively difficult with mean item difficulties of 0.54 logits (range: −0.47; 2.46) for Knowledge generation and evaluation and 1.29 logits (range: −0.65; 3.27) for Information and communication, respectively. A four-way ANOVA showed significant differences between the item difficulties of the four competence facets, F(3, 151) = 3.63, p = 0.014. Post-hoc tests with Bonferroni adjusted p-values showed that the competence facet Information and communication was significantly more difficult than Dealing with content knowledge (p = 0.014, d = 0.68) and Normative evaluation (p = 0.033, d = 0.79) but not different from Knowledge generation and evaluation (p = 0.12). Differences between the other competence aspects were not statistically significant.

Additionally, we intended the four content aspects to be covered by items of diverse difficulties. Figure 6 shows a closer examination of only the competence facet Dealing with content knowledge items. For three of the four content areas, namely the Scientific basics of the climate system, Causes for climate change, and Action options and barriers, the items cover the full range of abilities in our sample with an equal number of items of low, medium, and high difficulty. Only for the content area Climate change impacts, there is a lack of relatively easy items.


[image: Four graphs with bar charts and scatter plots. Top left: “Scientific basics of the climate system” with increasing logit values. Top right: “Causes for climate change” with rising logit values. Bottom left: “Climate change impacts” showing an upward trend. Bottom right: “Action options and barriers” indicating a gradual increase in logits. Each graph has labeled axes for students and items]
FIGURE 6
 Wright maps of student abilities and item difficulties for the competence facet dealing with content knowledge separated for the four content aspects.


To assess test fairness, we analyzed differential item functioning (DIF) by calibrating the instrument separately for students from different school types. As shown in Figure 7, the item difficulty order was largely consistent across school types. While the overall test was expectedly easier for students in upper-track schools, individual item difficulties were highly correlated (r = 0.90), supporting the validity of score comparisons between school types. Further DIF analyses using the Mantel-Haenszel method with the package difR (Magis et al., 2010) did not reveal any statistically significant DIF items, indicating that no test items exhibited systematic bias across school types.


[image: Scatter plot showing a positive correlation between difficulty levels for lower/middle track students (x-axis) and upper track students (y-axis). Data points are dispersed around a line with a positive slope.]
FIGURE 7
 Item difficulties for students attending different school types. Item difficulties (in logits) are based on two separate one-dimensional Rasch models for students attending upper track schools (N = 474) and for students attending middle/lower track schools (N = 311).


To complement our analyses of item difficulties, we investigated the teacher survey data. On a five-point scale from very easy (1) to very difficult (5), the mean difficulty ratings ranged from 1.20 to 4.75. Thus, the teacher sample confirmed the wide range of difficulties covered by the test items. The mean and median ratings were 3.04 and 3.20, respectively, which is slightly above the midpoint of the scale. When looking at the difficulty estimations for the four competence facets, the teacher ratings resemble the findings from the student data with the competence facets Knowledge generation and evaluation and Information and communication showing slightly higher mean difficulty ratings (MKG = 3.40 and MIC = 3.18) than Dealing with content knowledge and Normative evaluation (MCK = 3.00 and MNE = 2.84).

While the qualitative teacher ratings cannot be directly compared to the empirical difficulty estimates obtained in our student sample, we compared the relative distribution of the items. As our teacher sample consisted exclusively of educators from upper-track schools, we computed empirical difficulties separately for upper-track students. Looking at the item distribution across the respective midpoints of the teacher rating scale and the Rasch scale, it becomes clear that the teachers' expectations of what students in the respective age group should be able to solve aligns with the empirical difficulties. While in the Rasch scaling of the student data, 37% of items showed difficulty estimates below the theoretical midpoint of 0 logits, experts rated 35% of the items below their scale-midpoint of 3.



3.3 Evaluation of claim 3: the assessment instrument represents the four-dimensional structure of climate literacy with four separable competence facets as outlined in the climate literacy framework

To test whether the empirical data support the assumed four-dimensional competence structure, we estimated two models and compared them using relative fit indices AIC and sample-size adjusted BIC. The one-dimensional model (Figure 8A) assumes that all items measure a single latent ability, namely, climate literacy. In contrast, the four-dimensional model assigns each item to one of four competence facets of climate literacy, meaning that the test score reflects students' abilities in four distinct dimensions (Figure 8B).


[image: Diagram comparing two models of climate literacy. Model 1 has a single central node labeled “Climate Literacy” branching to categories: CK, KG, IC, and NE. Model 2 is organized into four interconnected categories: “Dealing with content knowledge”, “Knowledge generation and evaluation”, “Information and communication”, and “Normative evaluation”, each linking to the same sub-categories as Model 1. Both models show hierarchical structures for organizing climate literacy concepts.]
FIGURE 8
 Schematic representation of the one-dimensional model (Model 1, A) and the four-dimensional model (Model 2, B). CK, Dealing with content knowledge (85 items); KG, Knowledge generation and evaluation (14 items); IC, Information and communication (27 items); NE, Normative evaluation (29 items).


As shown in Table 4, both AIC and adjusted BIC were lower for the four-dimensional model than for the one-dimensional model. Additionally, a likelihood ratio test confirmed that the four-dimensional model provided a significantly better fit to the data [χ2(6) = 49.28, p < 0.001]. Thus, the empirical data support the assumed four-dimensional structure of climate literacy, consisting of the four competence facets as outlined in the interdisciplinary framework by Stadler et al. (2024). The EAP reliabilities for all four dimensions were sufficiently high (0.72 < EAPRel < 0.88; see Table 4). Although the latent correlations between the dimensions were relatively high (all r > 0.79; see Table 5), previous research on the similar construct of scientific literacy suggests that even constructs with latent correlations of r > 0.90 between dimensions can still be considered as multidimensional (Baumert et al., 2009; Kampa and Köller, 2016).

TABLE 4  Model comparison and quality information.


	Model
	Dimensions
	Model quality



	
	Name
	Items
	EAP-Rel
	LogLik
	Par
	AIC
	aBIC





	1
	Climate literacy (general)
	155
	0.900
	−27,128
	155
	54,566
	54,796

 
	2
	Dealing with content knowledge
	85
	0.879
	−27,103
	161
	54,528
	54,767


 
	
	Knowledge generation and evaluation
	14
	0.728
	
	
	
	


 
	
	Information and communication
	27
	0.787
	
	
	
	


 
	
	Normative evaluation
	29
	0.837
	
	
	
	







Par, Number of parameters estimated. Lower AIC and aBIC values indicate better model fit and are printed in bold font.



TABLE 5  Latent correlations between competence facets.


	Competence facet
	1
	2
	3
	4





	1
	Dealing with content knowledge
	-
	
	
	

 
	2
	Generating and evaluating knowledge
	0.814
	-
	
	

 
	3
	Information and communication
	0.858
	0.794
	-
	

 
	4
	Normative evaluation
	0.910
	0.836
	0.861
	-






However, a four-dimensional model might naturally fit better than a one-dimensional model simply because of its higher complexity, which reduces residual error (Bollen, 1989). To address this concern, we estimated a random four-dimensional model, in which the 155 test items were randomly assigned to four groups of the size of our competence facets (see Kampa and Köller, 2016, for a similar approach). If the random four-dimensional model did not fit the data better than the one-dimensional model, but the theoretically derived four-dimensional model did, this would suggest that the better fit is not just due to the higher number of parameters but rather reflects a meaningful structure. However, the random four-dimensional model failed to converge within a feasible number of iterations (max. 500). Although this prevents a direct comparison of fit indices, the non-convergence itself may indicate that not just any complex model improves fit. Instead, our findings suggest that the theoretically assumed four-dimensional structure of climate literacy is meaningful and supported by the data.



3.4 Evaluation of claim 4: the competence measured is distinct from generic cognitive abilities and can be shaped through school education

Table 6 shows correlations between the climate literacy test scores separately for the four competence facets and relevant cognitive, affective, and behavioral variables. As expected, all competence facets were significantly related to general cognitive abilities and reading ability as assessed by standardized tests. While these generic skills are highly relevant for solving competence items that go beyond the mere reproduction of factual knowledge (Baumert et al., 2009), these only medium-sized correlations of 0.29 < r < 0.46 indicate that the test scores capture specific competencies related to dealing with climate-change related problems that go beyond generic skills.

TABLE 6  Correlations of the four climate literacy competence facets with related constructs.


	Variable
	M
	SD
	1
	2
	3
	4





	1
	Dealing with content knowledgea
	0.00
	1.00
	
	
	
	

 
	2
	Knowledge generation and evaluationa
	0.08
	1.24
	0.52**
	
	
	

 
	3
	Information and communicationa
	0.06
	1.14
	0.63**
	0.45**
	
	

 
	4
	Normative evaluationa
	0.01
	1.28
	0.71**
	0.48**
	0.58**
	

 
	5
	Reading abilityb
	13.11
	6.28
	0.45**
	0.36**
	0.35**
	0.44**

 
	6
	General cognitive abilitiesc
	9.49
	3.29
	0.41**
	0.29**
	0.35**
	0.36**

 
	7
	Attitude toward climate changed
	0.01
	0.99
	0.45**
	0.30**
	0.34**
	0.39**

 
	8
	Participation in FFF demonstrationse
	0.10
	0.30
	0.14**
	0.07
	0.12**
	0.13**






**Indicates p < 0.01. aClimate literacy competence facet scores on logit scale, four-dimensional Rasch model. b47 items (max. 47 points), the reading test was only presented to a subsample of 218 students. c15 items (max. 15 points). dLogit scale, one-dimensional Rasch model. eDichotomous item: 0 = have never participated, 1 = have participated at least once.




Moreover, to evaluate whether the assessed competencies can be affected by schooling, we compared students attending different school types. The mean person ability for upper track secondary school students and for medium/lower track school students are displayed in Table 7. For better readability, we standardized ability scores according to the PISA scale (OECD, 2024) with a sample mean of 500 and a standard deviation of 100. As expected, students at higher track schools outperformed those at middle/lower track schools in all four competence facets. This finding aligns with results for German students in scientific literacy as retrieved from national and international assessments (Schiepe-Tiska et al., 2019; Stanat et al., 2021). While in national assessments in Germany, typically students at upper track schools show more homogeneous performances, as reflected by smaller standard deviations (Stanat et al., 2021), in the present study this is only the case for the competence facet of Dealing with content knowledge. One possible explanation for this finding is the absence of detailed curricular guidelines for teaching the multifaceted construct of climate literacy (Leve et al., 2025). As a result, while the student population at upper-track schools is generally more homogeneous than those in middle- or lower-track schools, their climate literacy, as measured by the presented test instrument, may vary more significantly based on the specific emphasis of their individual school and teachers.

TABLE 7  Climate literacy scores for students attending different school types.


	Climate literacy competence facet
	Standardized score M (SD)
	Difference



	
	Upper track students (n = 474)
	Middle/lower track students (n = 311)
	Δ
	t
	p





	Climate literacy overall
	540 (84)
	439 (92)
	101
	15.5
	< 0.001

 
	Dealing with content knowledge
	538 (82)
	442 (97)
	96
	14.5
	< 0.001

 
	Knowledge generation and evaluation
	524 (97)
	463 (93)
	61
	8.76
	< 0.001

 
	Information and communication
	529 (96)
	457 (90)
	72
	10.7
	< 0.001

 
	Normative evaluation
	534 (91)
	449 (92)
	85
	12.8
	< 0.001







Scores are scaled with a sample mean of 500 and sample standard deviation of 100 points.



Finally, as students at higher track schools typically demonstrate superior general cognitive abilities and reading abilities (Baumert et al., 2006), we were interested in the additional explanatory power of school type beyond generic skills.1 A hierarchical linear regression showed that general cognitive abilities alone explained 18% of the variance in the climate literacy overall score (R2 = 0.18). Adding school type significantly improved the model, ΔR2 = 0.15, p < 0.001, resulting in a final model that explained 33% of the variance. Thus, whether students attend an upper-track or middle- or lower-track school substantially predicts their scores, suggesting that the competencies measured in this climate literacy test can be fostered through CCE in schools.



3.5 Evaluation of claim 5: climate literacy assessed with this instrument is relevant for teenagers' active participation in social climate change discourse

To assess whether the cognitive component of climate literacy measured by this instrument is meaningfully linked to students' ability to actively and responsibly engage in social discourse on climate change, as defined by the United States Global Change Research Program (2009), we examined its relationship with the other key components of climate literacy, namely the affective-motivational and behavioral component. We found significant medium-sized correlations between all four facets of climate literacy and climate change attitudes (see Table 6), with the largest correlation for Dealing with content knowledge (r = 0.45).

Regarding behavior, we examined relations to students' participation in public climate protest which can be regarded as an individual high impact behavior (Haugestad et al., 2021). We found significant small correlations of participation in the Fridays for Future protests and the climate literacy score for three of the four competence facets. Specifically, when looking at the standardized WLE scores, students who reported that they have participated at least once in the Fridays for Future protests scored significantly higher than the sample mean of 500 points with 545, 536, and 540 points for Dealing with content knowledge [t(97.59) = 4.27, p < 0.001], Information and communication [t(93.00) = 3.19, p = 0.002], and Normative evaluation [t(94.23) = 3.61, p < 0.001], respectively.




4 Discussion

One key objective of climate change education (CCE) is to promote climate literacy in students, that is, equipping them with the knowledge and skills to engage with climate-related challenges. To determine whether CCE measures meet this aim, it is essential to assess students' climate literacy. Therefore, the present study introduced a comprehensive climate literacy test for secondary school students. In developing this assessment instrument, we aimed at addressing three key features that current assessment instruments of CCE outcomes are lacking, namely interdisciplinarity, relevance to everyday life, and the opportunity to provide differentiated insights into students' competencies. In the following, we will discuss in what way we have achieved these three aims. Therefore, we will summarize the validation argument and evaluate the theoretical and empirical evidence supporting the test's intended use. Additionally, we identify gaps in the validation argument that future research should address and outline potential practical applications of the instrument.


4.1 Final evaluation of the validity argument

To validate the intended test score interpretation of providing detailed insights into the climate literacy of secondary school students, we formulated five validity claims referring to construct representation, test difficulty, test fairness, internal structure, and relations to external variables. First, we ensured adequate construct representation by grounding the test development in an interdisciplinary framework of climate literacy (Stadler et al., 2024). The test items were developed by educational experts from nine disciplines, including the natural and social sciences, as well as technology and the humanities. Thus, the newly developed test overcomes a shortcoming of current instruments that typically focus on the physical aspects of climate change (Lubej et al., 2025). However, despite this interdisciplinary scope, we did not include all school subjects that might be relevant in promoting climate literacy. Other disciplines that could make an interesting contribution to expanding the test would be, for example, mathematics, chemistry or artistic subjects such as music or fine arts.

The competence test developed in this study is the first comprehensive measure of adolescents' cognitive aspects of climate literacy. By focusing on climate literacy (see also scientific literacy, Sjöström and Eilks, 2018) instead of climate change knowledge, the test captures the competencies adolescents need to navigate climate change in their daily lives, for example, when interpreting information encountered on social media, or by taking diverse perspectives when discussing mitigation actions. When looking at the competence facets covered, we see a particularly relevant contribution in developing test items covering the competence facet of Normative evaluation. It captures whether students can apply normative principles, without conflating this ability with their personal support for those norms. Thereby, the instrument focuses on the cognitive part of climate literacy without blending knowledge with attitudes or beliefs, a frequent challenge when addressing controversial topics like climate change mitigation actions (Kahan, 2015).

Second, cognitive labs including think-aloud assessment as well as two quantitative pilot studies with students in the target age group allowed us to modify test difficulty to suit students at the end of 9th grade in all secondary school types. Moreover, DIF analyses ensured that the test was fair for students attending different school types. The broad range of item difficulties covered by the developed instrument prevents effects of restricted variance often observed in existing instruments (e.g., Stevenson et al., 2014; Kuthe et al., 2019). Thereby, it fulfills an essential prerequisite for capturing development, for example, through the course of an educational intervention. However, further research is required to examine to what extent the developed test is sensitive to instruction (Naumann et al., 2019).

While in total, the test items covered the whole range of students' abilities, the competence aspect of Information and communication seemed especially difficult for the students. This finding aligns with previous research indicating that secondary school students have difficulties with interpreting information from graphical representations (e.g., Nieminen et al., 2010; Scheid et al., 2017). The complexity of the natural climate system (e.g., tipping points) as well as a variety of social interdependencies in mitigation actions require higher level interpretation and integration of information extracted from diagrams. However, further development of the test could also address lower complexity levels of information extraction to allow for differentiation among the lower ability levels.

Third, the four competence facets proposed in the interdisciplinary framework of climate literacy can also be separated empirically. Thus, the problems presented in the test items require demonstration of four competence facets, namely (1) Dealing with content knowledge, (2) Knowledge generation and evaluation, (3) Information and communication, and (4) Normative evaluation. However, high latent correlations (0.79 < r < 0.91)2 indicate a close relationship between the four competence facets. Future studies might therefore investigate the required competencies needed for solving the climate literacy test items in more detail. For example, it would be interesting to examine within-item multidimensionality (Hartig and Höhler, 2009), that is, whether specific items cover more than one competence facet.

Fourth, as expected, test scores across all competence facets varied by school type. The largest difference emerged in Dealing with content knowledge, where students at upper-track schools outperformed those at middle- or lower-track schools by one standard deviation. The finding that school type explains a substantial amount of variance in the test scores beyond general cognitive abilities supports the idea that the climate literacy test measures a school-related competence. Establishing this link to school-related variables is crucial for validating the test's use in monitoring formal CCE measures, as it suggests that climate literacy, as assessed by this instrument, is shaped by school experiences and thus can be influenced through educational interventions. Based on this assumption, researchers might use the climate literacy test to investigate whether differences in curricula (e.g., Leve et al., 2025) translate into meaningful variations in student outcomes.

Finally, climate literacy scores showed significant correlations with climate change-related attitude (medium-sized correlations) and behavior (small correlations), highlighting the assessed construct's relevance to students' daily lives. Interestingly, these correlations were more pronounced for the competence facets Dealing with content knowledge and Normative evaluation than for Knowledge generation and evaluation and Information and communication. This pattern not only reinforces the four-dimensional structure proposed in the interdisciplinary climate literacy framework (see also Claim 3 on structural validity) but also aligns with previous findings in environmental knowledge research, where different types of knowledge exhibit varying degrees of association with behavior (Roczen et al., 2014; Braun and Dierkes, 2019).

However, the correlations between the climate literacy test scores and behavior were somewhat lower than expected. One reason for this result might be that we explicitly focused on public sphere behavior while previous research on pro-environmental behavior focused on private consumption behavior, such as energy conservation and choices of transportation (e.g., Roczen et al., 2014). Thus, further research is needed to uncover the relationship between students' cognitive climate literacy and their engagement in collective climate action. Moreover, we assessed public sphere behavior with only one item (i.e., participation in climate strikes). Further studies might address this limitation by assessing public sphere behavior with multiple items, covering not only multiple potential actions (e.g., signing petitions, getting involved in a youth organization) but also their quantity and intensity.

Nevertheless, previous investigations with measures of general environmental knowledge and relatively narrow measures of climate change knowledge, such as the simple recognition of scientific facts about greenhouse gases, show only weak and non-significant correlations with attitudinal measures (e.g., Stoutenborough and Vedlitz, 2014) and public sphere actions such as climate activism (e.g., Barbosa et al., 2021; Knupfer et al., 2023). Thus, the competence test presented here, which covers four competence facets that go beyond factual knowledge provides a more comprehensive view of students' climate literacy that can also predict relevant external criteria like climate change-related attitudes and meaningful behaviors. However, as these findings are correlational, we cannot infer causality. It is possible that higher climate literacy encourages participation in demonstrations, that participation in such activities enhances climate literacy by informal education, or that a shared underlying factor drives both. For example, interest in climate-related topics might lead to both activism and information-seeking (see also Taube et al., 2021; Baierl et al., 2022). Future research, such as longitudinal studies or experimental interventions, is needed to disentangle these relationships.

To sum up, the developed test instrument adopts an interdisciplinary approach to climate literacy, aligning with calls for greater integration of the social sciences in CCE (Shwom et al., 2017; Kranz et al., 2022; Aeschbach et al., 2025; Westphal et al., 2025). Furthermore, by distinguishing between four specific competence facets, the test scores gained by this instrument offer nuanced insights into the broad construct of climate literacy, enabling the identification and targeting of areas where educational efforts are most needed.



4.2 Intended use

The test instrument aims at measuring climate literacy broadly by incorporating items from nine different school subjects. The large number of items made a booklet design necessary, where each student completed only about 40% of the total test items. This approach is commonly used in large-scale assessments (e.g., OECD, 2024) to gather population-level data, such as national trends. However, it is not suitable for diagnosing individual students, as no single student completes items covering all aspects of the construct to be assessed. Thus, only the entire sample collectively covers the breadth of the construct. Similarly, the results of this climate literacy assessment should not be used to determine an individual student's proficiency. Instead, they provide insights at a more aggregated level, such as comparisons between school types or across federal states. The findings from this study, while not representative, offer an initial look at patterns in climate literacy. For example, differences observed between school types in other domains, such as science (Stanat et al., 2021), appear to be just as pronounced—if not more so—in climate literacy.

This comprehensive assessment can serve as a valuable tool for evaluating the effectiveness of novel and promising educational approaches. For instance, in (quasi)-experimental studies, it can help assess whether holistic initiatives such as the Whole School Approach (e.g., Holst et al., 2024) and programs that complement formal school education, such as Public Climate School (Keller et al., 2024) successfully facilitate climate literacy in students.

Moreover, the competence assessment provides nuanced insights into the climate literacy construct and its four competence facets. Thus, the four separate test scores enable the identification of specific deficits and the development of targeted interventions. For example, the present study's results suggest that irrespective of the school type, students struggle when it comes to extracting and interpreting information (e.g., about climate change causes and mitigation strategies) from complex representations. This finding might provide an indication for the development of educational interventions targeted specifically to the competence facet of Information and communication.



4.3 Outlook and conclusion

The test instrument and accompanying materials are available for research purposes at FDZ Bildung (DOI: https://doi.org/10.7477/1231-424-63). Looking ahead, further development of the instrument could include the establishment of competence levels, making test results more interpretable for educators and policymakers (Hartig and Klieme, 2006; Neumann et al., 2010). Additionally, the development of a short scale or an adaptive testing format (e.g., Frey and Seitz, 2009) would enhance usability in settings with limited time or resources, without compromising the test's diagnostic value. Including more low-difficulty items could improve the instrument's sensitivity at the lower end of the ability spectrum. Beyond refinement, the test offers promising practical applications: it enables large-scale monitoring of educational interventions, supports curriculum development, and can help identify correlations and influences between climate literacy and other constructs. In sum, the presented operationalization of an interdisciplinary climate literacy framework into tangible test items offers both a theoretical advancement and a practical resource for advancing CCE in schools.
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Footnotes

1As we obtained reading ability data from only a small subsample, we computed hierarchical regressions only with general cognitive abilities to preserve statistical power.

2It should be noted that, due to correction for measurement error, latent correlations are typically higher than the manifest correlations (Hartig and Höhler, 2009).
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Items EAP-Rel LogLik Par AIC
1 Climate literacy (general) 155 0.900 —27,128 155 54,566 54,796
2 Dealing with content knowledge 85 0.879 —27,103 161 54,528 54,767
Knowledge generation and evaluation 14 0728
Information and communication 27 0.787
Normative evaluation 29 0.837

Par, Number of parameters estimated. Lower AIC and aBIC values indicate better model fit and are printed in bold font.
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Climate literacy Standardized score M (SD) Difference
competence facet .
Upper track students Middle/lower track students t
(n = 474) (n=311)

Climate literacy overall 540 (84) 439 (92) 101 155 <0.001
Dealing with content knowledge 538 (82) 442 (97) 96 145 <0.001
Knowledge generation and evaluation 524(97) 463 (93) 61 8.76 <0.001
Information and communication 529 (96) 457 (90) 72 10.7 <0.001
Normative evaluation 534 (91) 449 (92) 85 128 <0.001

Scores are scaled with a sample mean of 500 and sample standard deviation of 100 points.
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Variable SD
1 Dealing with content knowledge® 0.00 1.00
2 Knowledge generation and evaluation® 0.08 124 0.52**
3 Information and communication® 0.06 114 0.63** 0.45%
4 Normative evaluation® 0.01 1.28 0.71** 0.48** 0.58**
5 Reading abili!y" 13.11 6.28 0.45* 0.36** 0.35** 0.44**
6 General cognitive abilities® 9.49 329 0.41* 0.29** 0.35** 0.36**
7 Attitude toward climate changed 0.01 0.99 0.45* 0.30%* 0.34** 0.39**
8 Participation in FFF demonstrations® 0.10 0.30 0.14** 0.07 0.12** 0.13**

**Indicates p < 0.01. *Climate literacy competence facet scores on logit scale, four-dimensional Rasch model. ®47 items (max. 47 points), the reading test was only presented to a subsample of

218 students. €15 items (max. 15 points). ¢ Logit scale, one-dimensional Rasch model. *Dichotomous item:

= have never participated, 1 = have participated at least once.
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ltem information

Teacher survey

Nitems 173 181 181

Item difficulty® (P) M=045 Not applicable
SD=021 SD=023
Min = 0.06 Min =003
Max =0.88 Max =0.96

Exemplary revisions in item pool
based on the data collected

o Reduction of reading load by splitting
longer items

e Focused on developing easier items to
cover the full range of student abilities

o Used student answers to former short
response items to create closed items

© Decided to use dichotomous items
only instead of a mixture of
dichotomous and partial credit items

o Added useful distractors representing
typical student conceptions brought
up by teachers

o Removed items criticized
unanimously by teachers of multiple
subjects

*Items in pilot study 1 and pilot study 2 contained 35 and 28 partial credit items, respectively, which were scored 0/1/2. The item difficulty (P) provided here indicates the percentage of students
scoring at least one point. Thus, the mean and range cannot be directly compared to the data from the main study which contained dichotomous items only.
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information

Data collection

Time period

Nov 2022 -
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Mar 2023 -
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Jun 2023 - Jul
2023

N students

353

313

825

School grade

10

10

9

Distribution of
students in
upper/middle/lower
track schools (in %)

36/52/12

79/21/-

59/29/12

Student characteristics

Age mean (SD)

15.9(0.7)

16.1 (0.6)

15.6 (1.0)

Gender distribution
(in %):
Male/Female/Other/
Not indicated

4714716/~

44/52/4/-

44/47/5/4

Main Language
spoken at home (in
%): German/
Other/Not
indicated

80/20/-

83/17/-

7711914
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Competence

facet

Description

Dealing with Students know and understand phenomena of the climate system and climate change, explain them with reference to findings from climate

content knowledge science and make predictions based on them, and can derive, describe, and justify suitable actions (including strategies and measures) for
dealing with climate change.

Knowledge Students know and understand how research is conducted in climate science to derive the most robust findings about climate change. They

generation and can interpret and evaluate climate-related statements in terms of their data and evidence. This competence area can further be differentiated

evaluation into two aspects, namely (1) generating, processing, and interpreting questions and hypotheses, and (2) reflecting on the theory of science.

The latter involves awareness of the characteristics of knowledge acquisition processes, climate science knowledge, and models.

Information and

Students can access information on climate change and select relevant and meaningful information and data from different forms of

communication presentation (e.g., texts, tables, graphs, diagrams, and images). Moreover, they can examine various sources and forms of representation for
their consistency as a prerequisite for engaging in argumentative exchange and communication with others based on this information. This
competence area primarily addresses those forms of communication that occur through media (e.g., social networks, video platforms,
newspapers, television) and play an important role in the public discourse on climate change.

Normative Students evaluate findings of climate research and statements of people on climate change in normative terms. They can classify situations in

evaluation which an evaluation is to be conducted, as well as the evaluation criteria relevant to these situations. A particular focus lies on evaluating

action options and their impacts, which requires perspective-taking and impact assessment.
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