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The relevance of English language competencies in authentic, discipline-specific contexts at school is increasingly acknowledged outside of English-speaking countries. Since any understanding of complex scientific problems requires the combination of scientific literacy with other competencies, such as scientific modelling, the appropriate application of Content and Language Integrated Learning (CLIL) is of great importance. The present study focuses on an established, hands-on outreach genetic education module on DNA structure, which it extends with a bilingual adaption to examine the influence of non-CLIL and CLIL learning on students’ scientific modelling skills and model understanding. When comparing non-CLIL learners (n = 149) and CLIL learners (n = 316), the former received higher scores in the assessment of model-related self-evaluation sheets and built better models. We also found that non-CLIL learners achieved better temporary knowledge of “DNA as a model” scores and, for model evaluation, were more reflective in determining similarities and differences between their hand-crafted model and a commercial DNA school model. However, CLIL learners performed better in comparing their model sketches with their hand-crafted models. They also used different approaches to develop models and conceptualize integral components of models, as reflected in their advanced model understanding. We conclude that CLIL influences modelling qualities on different levels, by fostering modelling practice, and in particular, model understanding.
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INTRODUCTION

English has become the internationally acknowledged lingua franca of science and often requires English language competencies beyond levels commonly achieved in school language lessons (Rodenhauser and Preisfeld, 2015). In response, the European Commission (Hrsg.) (2004), among other authorities, has emphasized the need for Content and Language Integrated Learning (CLIL) to prepare young students for the demands of a globalized society (Canz et al., 2021; Coyle and Meyer, 2021). At German schools, CLIL subject teaching is increasingly applied in science education. Thereby, students are encouraged to understand and apply scientific content in English at the same time as achieving an appropriate level of scientific literacy (Lemke, 1990; Klieme et al., 2010; Canz et al., 2021).

Definitions of scientific literacy commonly fit into two complementary groups: (1) understanding scientific content and working scientifically, enabling one’s development as a future scientist, and (2) understanding science and using scientific information to make informed decisions as a conscientious citizen (Ke et al., 2020). Thus, scientific literacy goes beyond language alone but requires knowledge of relevant vocabulary, and an understanding of scientific practices that enable and encourage in-depth analyses of observed phenomena (Passmore and Svoboda, 2012; Mendonça and Justi, 2013). One such practice is scientific modelling (Ke et al., 2020), which helps break down complex phenomena in the search for possible explanations and encourages scientific discourse (Lee et al., 2015).

Modelling has received considerable attention in science education classrooms. As “an explanatory system that represents objects or phenomena via discourse, writing, behaviour, and drawing” (Lee et al., 2015, p. 234), a model engages—and, potentially, fosters—various scientific competencies. This, however, only holds true “if students understand the nature and the purpose of models in science, as well as comprehend how models are constructed” (Sins et al., 2009, p. 1206). The fact that their use encourages students to actively discuss scientific findings and ideas makes models a particularly important tool for achieving scientific literacy. In combination with CLIL learning, scientific modelling may advance many competencies required to be successful in an international academic environment (Grandinetti et al., 2013), such as in-depth understanding of scientific phenomena, and the capability to effectively communicate this understanding (Passmore and Svoboda, 2012; Mendonça and Justi, 2013; Ke et al., 2020).

To explore the effect of CLIL learning on knowledge of “DNA as a model,” model understanding, and the ability of students to develop and evaluate models, we piloted a CLIL genetics outreach learning module structurally identical to a previously conducted non-CLIL outreach learning module (Roth et al., 2020). The module lasted for 1 day, which authentically reproduces the overall very little time that teachers in regular science classrooms have to foster model understanding—irrespective of CLIL or non-CLIL. In the course of 2 months with between three to four visiting classes and respective 1-day modules per week, we focused on the recently hypothesized relationship between scientific modelling and scientific literacy (Ke et al., 2020) to explore the influence of this relationship on model understanding. Specifically, we examine the changing nature of models (CNM) as a subscale of model competency (Treagust et al., 2002). While the model-of-approach of our module only covers the most basic level of model learning, even at this level, students often do not display model understanding. Prior studies by, for instance, Treagust et al. (2002) and Krell et al. (2012), indicated that many students understand the multiplicity of models but still perceive them as an exact replica of the scientific phenomenon. Such weak epistemological understanding may—if not improved—prevent students from developing content knowledge or understanding (Schwarz and White, 2005; Sins et al., 2009). We also investigate knowledge of “DNA as a model” scores yet do so with the understanding that both modelling and language learning as well as the development of scientific literacy require a high degree of mental capacity, which could result in a mental trade-off (Grandinetti et al., 2013). Other studies, such as Lo and Lo (2014) and Piesche et al. (2016) have already indicated that this trade-of could have adverse effects on academic performance. Moreover, we explicitly do not focus on language learning as an outcome of the CLIL module but—due to the increasing adoption of CLIL outside of English-speaking countries—particularly examine the potential positive and negative outcomes combining CLIL and model understanding. To explore these possible mutual influences, we first outline the relevant theoretical background, including the basic principles of CLIL learning and model learning, and the connection between model learning and scientific literacy.



THEORETICAL BACKGROUND


Content and Language Integrated Learning

“Reading, writing, and oral communication are critical literacy practices for participation in a global society. [They] support learners by enabling them to grapple with ideas, share their thoughts, enrich understanding and solve problems” (Krajcik and Sutherland, 2010, p. 456). The central importance of written and oral language competencies makes scientific literacy in English indispensable (Yore and Treagust, 2006; Coyle and Meyer, 2021; Pfenninger, 2022). Thus, efforts to improve scientific literacy in English need to be increased at school (Virida, 2021). European language policies support this endeavour by encouraging English language learning in regular school curricula outside of English language learning classes via CLIL (European Commission, 2012). Used effectively, CLIL combines language learning and content learning so that neither proficiency in English nor the respective subject area is a prerequisite for successful learning (Stoddart et al., 2002; European Commission (Hrsg.), 2004).

Content and language integrated learning “encompasses any activity in which a foreign language is used as a tool in the learning of a non-language subject in which both language and subject have a joint role” (Marsh, 2002, p. 58). Although CLIL learning, by definition, requires content and language to be equally integrated into lesson planning, the scientific language often acts only as a catalyst (Rodenhauser and Preisfeld, 2015). That is, the attention is primarily on the content—similar to regular science teaching—and the language only plays a minor role (Nikula et al., 2016). Few teachers are aware of the intricate connection between language and content (Meskill and Oliveira, 2019; Pfenninger, 2022). The one-dimensional view of language and content learning fails to acknowledge that content and its contextualization induce an act of language, while language gives meaning to content (Stoddart et al., 2002; Luykx et al., 2008). This connective approach is particularly relevant for CLIL in STEM subjects. More specifically, scientific practice and discourse, for instance the explanation of a phenomenon or the development of a respective model, encourages the use of language as a mediator of meaning (“what language does”) and not solely as a structural body of grammar and words without contextualization (“what language is”) (Lee and Stephens, 2020, p. 429). A recent study by Tagnin and Ní Ríordáin (2021) confirms the need for scientific discourse in CLIL and emphasized the importance of higher-order-thinking questions. This notion is grounded in information processing theories (Craik and Lockhart, 1972) that assume high cognitive engagement in fostering understanding to be the basis of deep learning. Yet, a high cognitive engagement due to language and content learning in tandem, can also have adverse effects on academic achievements. Studies such as Lo and Lo (2014) or Piesche et al. (2016) show that CLIL students often display lower content knowledge scores, since CLIL students require more effort and different learning strategies to understand the same information as non-CLIL students. This leaves a research gap as to what beneficial effects the application of CLIL can have on different kinds of science learning. Building Craik and Lockhart (1972) as well as Vygotsky (1986) CLIL proof itself for deep learning tasks as opposed to common content learning exercises. In particular, authentic settings, wherein “visual cues, concrete objects, and hands-on activities” (Stoddart et al., 2002, p. 666) are supplied can may provide the necessary basis for this kind of learning (Meskill and Oliveira, 2019). Accordingly, enriching such settings with CLIL may encourage scientific literacy in both the native language and English (via the regular practice) (Gonzalez-Howard and McNeill, 2016; Tolbert et al., 2019) and foster deep learning. This may, however, also be very dependent on the country and precise learning context (Virida, 2021).

Examples from practice (Lam et al., 2012) confirm that “the creation of immersive environments where students participate in discourse patterns that mirror those seen in the scientific community” has a positive effect on scientific literacy and content learning (Quarderer and McDermott, 2020, p. 3). Such environments are often created through inquiry learning, which combines hands-on activities with experiments and the exploration of a scientific phenomenon (Hampton and Rodriguez, 2001; Campillo-Ferrer and Miralles-Martínez, 2022; Roth et al., 2022). Thereby, students engage in meaningful scientific practice, such as describing observed phenomena, formulating hypotheses, assessing results, and reflecting on findings, which demands the use of a discipline-specific register (Stoddart et al., 2002; Satayev et al., 2022). To foster such practice in science classrooms, Tolbert et al. (2019) suggested four dimensions of instruction, including contextualization, scientific reasoning, scientific discourse and scientific literacy. This way, language is inherently contextualized—no longer a mere catalyst—and helps students to structure and communicate acquired information (Lemke, 1990; Hampton and Rodriguez, 2001; Satayev et al., 2022). A study by Piacentini et al. (2022) showed that in addition to science and language learning rewards for students, CLIL also benefitted teachers to recognize pattern among their students that they have been oblivious to previously.

Since CLIL learning requires considerable mental capabilities to manage content and language teaching simultaneously, effective scaffolding is necessary to decrease the cognitive load (Grandinetti et al., 2013; Tolbert et al., 2019). Scaffolding is “a type of teacher assistance that helps students learn new skills, concepts, or levels of comprehension of material” (Maybin et al., 1992, p. 188). Such scaffolding activities are particularly important for the discipline-specific register of the foreign language, as the “language provides learners with meaningful cues that help them interpret the content being communicated” (Stoddart et al., 2002, p. 666). Gottlieb (2016) describes four possible scaffolding dimensions: linguistic, graphic, sensory, and interactive. In science subjects such as biology, graphic or visual scaffolding involving diagrams, graphs, or charts are commonly used tools. These have also proven useful for language learning (Kress, 2003; Evnitskaya and Morton, 2011). Other forms of scaffolding that may come in handy for CLIL science teaching include linguistic scaffolding, which can provide definitions of key terms, language frames, or bridging and prompting to foster scientific literacy (France, 2019).



Model Learning

One increasingly popular inquiry method for fostering scientific literacy is scientific modelling (Akerson et al., 2009; Ke et al., 2020). Models are commonly used to visualize or explain phenomena (Krajcik and Merritt, 2012). The process skills of scientific modelling include revealing underlying mechanisms, showing causal links, raising questions, and testing multiple hypotheses (Akerson et al., 2009). Whenever a prediction proves incorrect or new evidence emerges, a model can be adapted and refined accordingly (Passmore et al., 2009).

This adaptability of models to different theoretical perspectives is described as the changing nature of models (CNM) in the SUMS questionnaire (Students’ Understanding of Models in Science), which was designed to gain insights into students’ understanding of models (Treagust et al., 2002). It is an essential aspect of modelling practice since most students believe models to be exact replicas (EM) “of reality that embody different spatio-temporal perspectives [in contrast to] constructed representations that may embody different theoretical perspectives” (Grosslight et al., 1991, p. 799). A study by Krell et al. (2012) confirmed these findings. Treagust et al. (2002) initially hypothesized that the analysis of more abstract concepts would automatically lead to a more abstract perception of scientific models, but their results indicated that this does not hold true. Also, Schwarz et al. (2009) alongside Sins et al. (2009) and Louca and Zacharia (2012) questioned the development of epistemic knowledge about models and decontextualized understanding of models. In classroom teaching, scientific models often lack contextualization and are only introduced superficially. Thus, students do not usually understand the value of scientific models for explaining phenomena, appreciate the adaptability of models to emerging evidence, or recognize differences between models and explained phenomena (Krajcik and Merritt, 2012; Ke et al., 2020).

Yet, establishing model understanding in classroom practice is no easy feat (Gilbert and Justi, 2002; Sins et al., 2009), which is why research often focusses on influencing factors to improve scientific modelling and model understanding (Passmore and Svoboda, 2012; Mendonça and Justi, 2013). One influencing factor may be the positive relationship between modelling and content knowledge due to the application of in-depth strategies inherent to deep learning, such as cognitive reasoning through metacognition (Sins et al., 2009; Mendonça and Justi, 2013). Reflective thinking to evaluate possible learning outcomes and the generation of explanations for observed phenomena are particularly salient for deep learning strategies (Lee et al., 2015). Such strategies require communicative action between students to convey their thoughts and build valid arguments that explain the observed phenomenon (Passmore and Svoboda, 2012; Ke et al., 2020). The use of modelling thus provides students with an experience that mirrors those of scientists, who also have to evaluate, modify, and argue in support of their models when presenting them to their peers (Mendonça and Justi, 2013; Ke and Schwarz, 2020). Students, thereby, “do not just describe empirical experiences [when they engage in modelling in science lessons] as they would with experiments and observations; they can also reason, explain, and communicate phenomena or systems using empirical experiences as evidence” (Lee et al., 2015, p. 236).

The scientific discourse associated with modelling is also what renders models useful agents of CLIL. Modelling as a deep-learning practice allows students a stepwise approach to understanding the scientific phenomenon in question (Ke et al., 2020). At the same time, modelling as a discursive activity also fosters understanding of different models, their scope, and limitations. Boulter (2000) drafts the different dependencies and interactions between language and modelling as observed in classroom discourse. She describes language as an instrument of contextualization that initiates, directs and informs knowledge or ideas in a didactic, socratic, or dialogic manner that can be summarized in, for instance, visual-graphic or verbal-metaphoric models. The visual thinking connected to modelling is often also regarded as a scaffolding-tool in language learning (Fernández-Fontecha et al., 2020). Based on the dual-coding theory by e.g., Clark and Paivio (1991) and context-availability method by e.g., Aslandag and Yanpar (2014) both the verbal and non-verbal code embedded into a larger context are believed to mediate the understanding of difficult information and the uptake of contextualized vocabulary (Fernández-Fontecha et al., 2020). In turn, the scientific discourse and vocabulary are believed to encourage model-understanding of students (Ke and Schwarz, 2020). The negotiation involved in constructing own models also requires students to answer more general questions regarding the nature, use, and criteria of models (Ke et al., 2020). However, in how far deep-learning processes of CLIL (Virdia and Wolff, 2020) combined with a concrete scientific phenomenon that is to be understood and modelled by students encourages model-understanding even further, remains to be determined.




OBJECTIVES OF THE STUDY

The present study aims to contribute to the current body of literature by providing insights into how a short-term CLIL module can foster deep-learning of specific complex scientific phenomena as an addition to regular classroom teaching. We, therefore, focus on the following research questions:


•RQ1: How does a 1-day CLIL science module influence students’ knowledge of “DNA as a model” throughout the hands-on laboratory?

•RQ2: How does CLIL influence students’ general understanding of models and modelling?

•RQ3: How does CLIL influence students’ ability to evaluate models—specifically, the two implemented evaluation phases (evaluation-1 and evaluation-2)?





MATERIALS AND METHODS


Treatment Comparability

Following our previous German gene-technology module design that particularly focused on model-understanding and the knowledge of “DNA as a model” (Mierdel and Bogner, 2019; Roth et al., 2020), we wanted to explore the impact of deep-learning processes associated with CLIL on these two parameters. Thus, we retained the design and four intervention phases of the German gene-technology module, while carefully integrating CLIL (Table 1). Treatment comparability could be retained by focusing on the same age group, form of school, and region of participants of our previous module (Roth et al., 2020).


TABLE 1. Quasi-experimental intervention design [adapted from Roth et al. (2022)].

[image: Table 1]
Analogous to the German module, we provided students with the same laboratory manuals but written in English. The laboratory manual was designed and adapted over the course of four laboratory evaluations (Goldschmidt and Bogner, 2016; Langheinrich and Bogner, 2016; Mierdel and Bogner, 2019; Roth et al., 2020). Only key terms had additional German translations [code-switching; Cheshire and Gardner-Chloros (1998)]. Content scaffolding in the laboratory manual, interactive smart-board presentations, and the interactive poster were retained across both modules. However, we created a special linguistic scaffolding workbook for the CLIL module to reduce difficulties in understanding and support content learning in a foreign language while fostering scientific literacy and language learning. The book contained language-specific riddles, such as word search puzzles and crossword puzzles, allocating words to English definitions. Students were also asked to match the words and their definitions with German translations or to translate the words into German. At all times, students were allowed to use English-English and English-German dictionaries available in the laboratory. For each phase of the intervention, we had one specific language scaffolding exercise (see Supplementary Datasheet 1). This is in line with supportive lexical focus on form (FonF) in CLIL environments to “[draw] learners’ attention to vocabulary items if they “are necessary for the completion of a communicative, or an authentic language task”” (Morton, 2015, p. 256). Since students did not have any previous laboratory experience and were not familiar with the terminology connected to DNA, the vocabulary scaffolding connected to the different phases throughout the laboratory intended to reduce language-related cognitive load (Mahan et al., 2018; Mahan, 2022).



Participants

Altogether, 465 ninth graders (higher secondary school) participated in our study (girls 50.8%, boys 49.2%; Mclass size = 21.9, SD = 4.6; Mage = 14.7, SD = 0.7), which lasted over 2 months and hosted between three to four classes each week. Seven intact classes from different schools took part in our non-CLIL German intervention (n = 149) in 2019 and 14 intact classes from different schools in our CLIL intervention (n = 316) in 2020. The disparity in participating classes of the two interventions was the result of a sudden increase in volunteering schools. Classes were assigned in a quasi-experimental research design, which excluded randomization and accounted for non-equivalence of groups (Taylor and Medina, 2011). Non-CLIL students teamed up in overall 69 two-person groups (and three three-person groups, two students working individually due to illness) and CLIL students in overall 151 two-person groups (and four three-person groups, two students working individually due to illness) while retaining class integrity.

Content and language integrated learning students were from the same schools in the same school district as the non-CLIL students. Classes were largely homogenous regarding gender ratio, social-income ratio, and cultural background. All students had only little prior experience with laboratory experimentation and exposure to English outside of the classroom. Teachers were explicitly asked to postpone content about DNA until after participation. All schools followed the same curriculum and had teachers from either a Biology-Chemistry, Biology-Math, or biology-English background.

Participation was voluntary. Written parental consent was given before students participated in our study, although the data collection was pseudo-anonymous, and students could not be identified. The study was designed in accordance with the World Medical Association (2013), and the state ministry approved the questionnaires used.



Treatment Description

Our 1-day, hands-on CLIL module offered inquiry-based learning activities focused on the structure of DNA, model-understanding, and CLIL adapted to the capabilities of ninth graders. The module’s content is in line with the state’s syllabus and follows national competency requirements (KMK, 2005). While CLIL may add another layer of complication to the already demanding goal of developing students’ modelling practice, such practice is very authentic with the increasing adoption of CLIL outside of English-speaking countries. The language of instruction was English, yet students could indicate with colour-cards in green, orange, and red if the instructions were easy to understand, required renewed explanation, or code-switching into German (Cheshire and Gardner-Chloros, 1998).

One of the authors instructed and guided the students throughout the laboratory. Teachers, who accompanied their classes either alone or with another colleague, participated in the laboratory as students or observed. Students participated in intact class-groups and worked in pairs to complete their tasks. Classes were assigned randomly after their confirmation of participation (Cook and Campell, 1979). Except for the theoretical and explanatory phases, the instructor acted as a learning guide and did not interfere with the students’ experiments. The students worked self-reliantly with the help of their laboratory manuals and linguistic scaffolding workbooks and only asked for explanations or assistance when required.



Intervention Phases


Pre-lab Phase

Both the German and CLIL module started with a pre-lab phase. After a short introduction to the rules of safety in a gene-technology laboratory, we familiarized students with the laboratory equipment, techniques of use and theoretical concepts connected to experimentation (e.g., Sarmouk et al., 2019). That is, students learned how to handle laboratory equipment—such as micropipettes and centrifuges—necessary for experimentation. The theoretical part was provided by the instructor with an interactive smartboard presentation including, for instance, the matching of laboratory equipment with the correct terminology or the matching of the correct micropipette to a given quantity of liquid. For the practical part of pipetting and centrifuging, the instructor acted as a guide and students derived their instructions from the laboratory manual.



DNA-Related Theoretical and Experimental Phases

After a short break, the pre-lab phase was followed by another theoretical phase that alerted students to the relevance of DNA-analyses in criminal investigations. To foreshadow the subsequent experimental phases, the instructor invited the students to be criminal investigators for 1 day (DNA relevance, Table 1). This also entailed a short recapitulation of previous knowledge about the structure of cells and an introduction to the scientific concepts of DNA isolation (Mierdel and Bogner, 2019; Roth et al., 2020). After successful extraction of DNA from oral mucosal cells, students assembled in the back of the laboratory where a poster and the gel-electrophoresis-devices were positioned. The poster was designed as a cloze. Together with the instructor, students filled in the cloze with knowledge they already had obtained from the workbook or derived from other science disciplines. To help students understand the very complex concept of gel-electrophoresis even better, the poster made use of visuals and code-switching. Subsequent to the theoretical phase, students further processed their DNA sample and applied to the gel of the gel-electrophoresis-device. Our decision to provide information in a series of theoretical phases ensured that students were not overwhelmed by the amount of information and we able to focus on the forthcoming experimental phases.

For the experimental phases, we used an evidence-based, two-step approach (Mierdel and Bogner, 2019; Roth et al., 2020). That is, students first answered questions in their laboratory manuals and considered subsequent experimental procedures. In addition, they filled in the linguistic exercises in the linguistic scaffolding workbook. Then, they worked in pairs to discuss each step before carrying out experiments. Such practice effectively combined hands-on and minds-on activities and required them to do more than simply follow instructions (Mierdel and Bogner, 2019; Roth et al., 2020). For our hands-on approach, we provided sufficient scaffolding material in the form of visuals in our laboratory manual to enable independent experimentation and self-reliant protocolling of their observations, as well as the materials necessary for modelling [same for both German and CLIL module; Mierdel and Bogner (2019); Roth et al. (2020)].



Model-Related Phases

Both model-related phases directly followed and built on the experimental, DNA-related phases. We subdivided our model-related phases into a mental modelling phase involving text analysis. This either consisted of the construction and discussion of a purely mental model or a rough sketch. Building on their mental model, students constructed a model from craft materials, which they evaluated in a detailed and labelled sketch (model evaluation-1 phase), and later compared to a commercially available DNA model and Watson and Cricks model in model evaluation-2 phase (Table 1).

We based our model-related phases on the four main stages of the Model of Modelling (Gilbert and Justi, 2002, p. 370 ff.). Mental modelling was, thereby, the key to providing a theoretical basis for experimental findings. In our module, a text about the discovery of the DNA’s structure (Usher, 2013) provided fundamental knowledge about the necessary components of the DNA. Students could then apply this knowledge to their simplified mental models, which either remained imaginary or were roughly sketched on paper (e.g., Franco and Colinvaux, 2000; Mierdel and Bogner, 2019). Our “model-of-approach,” which focused on conveying CNM instead of EM, may not be popular (Gouvea and Passmore, 2017), but followed the curriculum and laid the foundation for “model-for-approaches” by partially developing a DNA model from experimentation with DNA and Crick’s letter to his son about the discovery of DNA as well as students’ critical reflection on their model (ISB, 2019).

That is, after determining the DNA’s representation in a mental model and building the hand-crafted model from the text, we conducted a model evaluation-1 phase as a reciprocal self-evaluation. As combining sketching and hand-crafting models proved to be important (e.g., Prabha, 2016), students evaluated their hand-crafted DNA model based on a detailed paper-and-pencil version. Another effective method for encouraging self-evaluation is reflective writing (Kovanović et al., 2018). Open-ended questions about model-related components encouraged students to rethink and reassess certain steps and decisions in developing the mental model into its physical counterpart (Roth et al., 2020). In evaluation-2 phase, students assessed their hand-crafted DNA models using a comparison-based self-evaluation with a commercially available DNA demonstration model.



Interpretation Phase

In this final phase, the instructor collected different ideas of the “DNA as a model,” before revealing several different yet scientifically adequate models. This helped students understand that models can have different levels of complexity. A short recapitulation of history also showed that models may change with new scientific evidence and are, thus, not ER. Moreover, the instructor revealed the results of the gel-electrophoresis and explained the meaning of the different bars.




Dependent Variables

As dependent variables, we examined students’ knowledge of “DNA as a model” scores and model understanding in a repeated measurement design: a pre-test (T0) 2 weeks before the intervention, a post-test (T1) directly after the module, and a retention test 6 weeks later (T2). We examined students’ sketches and their responses to the open questions as part of the evaluation-1 phase, as well as students’ models and their self-evaluation sheets as part of the evaluation-2 phase.


Students’ Content Knowledge Regarding the Structure of DNA

We applied an ad-hoc knowledge test comprising eighteen multiple-choice questions about content knowledge related to the different model phases regarding the structure of DNA. Students had to select one correct answer out of four possible answers. To avoid response patterns, we randomly rearranged questions and possible answers for each testing time (Lam et al., 2012; Scharfenberg and Bogner, 2013). The complete questionnaire can be found in Supplementary Datasheet 2. Content validity was a given as the items were consistent with the state syllabus. Likewise, construct validity was confirmed based on the items’ heterogeneity in relation to complex constructs, such as building up content knowledge and understanding of scientific concepts (Rost, 2004). Cronbach’s alpha values of 0.70 (T0), 0.71 (T1), and 0.69 (T2) indicate acceptable internal consistency.



Students’ Model Understanding

Following Mierdel and Bogner (2019), we deployed a shortened version of the SUMS questionnaire (Treagust et al., 2002) focusing on the subscales of models as exact replicas (ER) and the changing nature of models (CNM), which was based on a five-point Likert-Scale ranging from strongly disagree (1) to strongly agree (5). The complete questionnaire can be found in Supplementary Datasheet 2. ER and CNM best address the two dimensions that form the focus of our modelling phases. As ER is a conceptual error, low scores are desirable. CNM, on the other hand, shows true model understanding, meaning that high scores are considered beneficial (Treagust et al., 2002). Cronbach’s alpha values above 0.7 (T0 = 0.81, T1 = 0.76, T2 = 0.70) indicate acceptable internal consistency (Lienert and Raatz, 1998). The SUMS questionnaire uses a 5-point Likert scale ranging from strongly disagree (1) to strongly agree (5).



Evaluation-1 Phase

To compare the effects of both treatment approaches on the evaluation-1 phase, we assessed students’ model sketches after all participating schools have visited the laboratory [changed after Langheinrich and Bogner (2016); for definitions, examples, and frequencies, see Supplementary Datasheet 3]. We then randomly selected 38 out of 231 drawings for a second scoring (16.4%). Cohen’s kappa coefficient (Cohen, 1968) scores of 0.90 and 0.85 for intra-rater and inter-rater reliability indicated an “almost perfect” rating (Wolf, 1997, p. 964).

Using content analysis (Bos and Tarnai, 1999), we iteratively categorized the statements made by students in response to the open questions. For the first question, “Which features of the original DNA molecule are simplified in your model,” we assigned each answer to one of four categories: level of DNA, level of substance, level of particles, and level of structure (for definitions, examples, and frequencies, see Supplementary Datasheet 4). We then randomly selected 76 out of 474 statements for a second scoring (16.0%). We computed Cohen’s kappa coefficient (Cohen, 1968) scores of 0.97 and 0.84 for intra-rater and inter-rater reliability, which indicated an “almost perfect” rating (Wolf, 1997, p. 964). For the second question, “Explain why one might create different models of one biological original (in our case, the structure of the DNA)?,” we applied the adapted category system developed by Langheinrich and Bogner (2016) and Mierdel and Bogner (2019) and identified five categories: individuality of DNA, different interpretation, different model design, different focus, and different research state (for definitions, examples, and frequencies, see Supplementary Datasheet 5). We then randomly selected 61 out of 416 statements for a second scoring (14.7%). We computed Cohen’s kappa coefficient (Cohen, 1968) scores of 0.89 and 0.72 for intra-rater and inter-rater reliability, which showed a “substantial” to “almost perfect” rating (Wolf, 1997, p. 964).



Evaluation-2 Phase

A three-step approach was applied to evaluate evaluation-2 phase (Table 2). Similar to evaluation-1 phase, the assessment of evaluation-2 phase was conducted after all participating schools have visited the laboratory.


TABLE 2. Assessment of students’ evaluation phases.

[image: Table 2]
 
•Documentation of the students’ self-evaluation: We counted each box that students had ticked on their self-evaluation sheet as one point (maximal score 14 points, for description, see Table 2).

•Assessment of students’ self-evaluation sheets: We analyzed the conformity of ticked boxes on self-evaluation sheets using the respective models. Where ticks matched the models, students received one point each.

•Assessment of students’ models: We independently assessed the models. Correct features received one point each, whether or not they had been identified (maximal score 14 points).



Both assessors randomly selected 30 self-evaluation sheets, from a total of 231, and 30 models, from a total of 231, for a second scoring (13.0%, either). Cohen’s kappa coefficient (Cohen, 1968) scores of 0.90 and 0.89 for intra-rater and of 0.77 and 0.79 for inter-rater reliability showed “substantial” to “almost perfect” ratings (Wolf, 1997, p. 964).

Comparing documented boxes and assessing the self-evaluation sheets helped us determine the degree to which students were correctly evaluating the models. Lower assessment scores from students’ self-evaluation sheets indicate that students had performed poorly in their evaluations of models, yet these scores also imply that students may have documented model features that were not given. High model scores may, in contrast, reveal that students did not correctly identify existent model features.




Comparison of Students’ Evaluation Phases

To compare students’ evaluation-1 and evaluation-2 phases, we scored their sketches, with a maximum possible score of 14 points, by adding scores of their self-evaluation sheets and our assessment of their models. When compared to our model scores, scores of the recoded sketches indicate the quality of their evaluation-1 phase, while scores of their self-evaluation sheets indicate the quality of their evaluation-2 phase.



Statistical Analysis


Overall Tests

Statistical tests were conducted using SPSS Statistics 27. We applied nonparametric methods due to the non-normal distribution of variables [Kolmogorov-Smirnov test (Lilliefors modification): partially p < 0.001], and, consequently, use boxplots to illustrate our results. Intra-group differences over the three test dates were analyzed using the Friedman test (F) combined with a pairwise analysis from T0 to T1 and T2, and from T1 to T2, using the Wilcoxon (W) signed-rank test. Mann–Whitney U tests (MWU) were used to evaluate inter-group differences. To account for the use of multiple testing methods, we applied a Bonferroni correction and decreased the Alpha level to 0.017, respectively (Field, 2012). In case of significant results, effect sizes r (Lipsey and Wilson, 2001) were calculated with small (>0.1), medium (>0.3), and large (>0.5) effect sizes. For contingency analyses, we calculated the adjusted Pearson’s contingency coefficient (C; Pearson, 1904). Since Pearson’s C is a member of the r effect size family (e.g., Ellis, 2010), we also treat it as an effect size score.



Factor Analysis Model Understanding

We used a principal component analysis (PCA) with subsequent varimax rotation, which reduces the data’s dimensionality while retaining its variation (Bro and Smilde, 2014), to evaluate the shortened SUMS scale. Following the Kaiser-Guttman-Criterion (Kaiser, 1970), it divided into two factors: the Kaiser-Meyer-Olkin (KMO = 0.80, χ2 = 599.2) values being acceptable to good, indicating that conducting a factor analysis with our dataset was feasible. The analysis of the scale’s applicability with PCA of seven items from the SUMS questionnaire, involving varimax rotation, resulted in two factors based on eigenvalues >1.0. The Kaiser–Meyer–Olkin measure verified the sampling adequacy (KMO = 0.796), which is well above the acceptable lower limit of 0.5 (Field, 2012). Bartlett’s test of sphericity (χ2 = 599.224, p < 0.001) indicated that correlations between items were sufficient for performing a PCA. Examination of the Kaiser–Guttman criterion yielded empirical justification for the retention of two factors (Figure 1), which explained 63.69% of the total variance.
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FIGURE 1. Component plot in rotated space after principal component analysis with clearly distinct subscales “models as exact replicas” (ER) and “changing nature of models” (CNM).






RESULTS

We first provide an overview of our intra-group and inter-group analyses with regard to students’ knowledge of “DNA as a model” and model understanding. This overview is followed by a detailed assessment of the evaluation-1 and evaluation-2 phases.


Influence of Content and Language Integrated Learning Module on Students’ Knowledge of “DNA as a Model”


Intra-Group Analyses of Students’ Knowledge of “DNA as a Model”

Analyses revealed changes for both non-CLIL and CLIL learners’ scores [F: χ2non–CLIL/CLIL (2, n = 149/316) = 202.94/114.71, p < 0.001]. With each approach, knowledge initially increased before dropping between T1 and T2, but not below levels of T0 (Figure 2; WT0/T1: non-CLIL/CLIL Z = 0-10.07/–8.64; p < 0.001; WT0/T2: non-CLIL/CLIL Z = –9.77/–7.43, p < 0.001; WT1/T2: non-CLIL/CLIL Z = –8.06/–2.62, p < 0.001/ = 0.009). This suggests that students gained short-term and mid-term knowledge of “DNA as a model” throughout the intervention.
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FIGURE 2. Differences between non-CLIL and CLIL learners for knowledge of “DNA as a model” at the three different testing times.




Inter-Group Analyses of Students’ Knowledge of “DNA as a Model”

Non-CLIL and CLIL students started with similar scores (T0, Figure 2; MWU: Z = –2.27; p = 0.023). After the intervention, with a small-to-medium effect, non-CLIL students scored higher than CLIL students (T1, Figure 2; MWU: Z = –2.47; p = 0.013; r = 0.218). In the follow-up test, scores of both treatment variants decreased to similar levels (T2, Figure 2; Z = –2.09; p = 0.036). Yet, participants in both groups increased their understanding of the “DNA as a model” based on the knowledge obtained throughout the different experimental steps and modelling activities.




Influence of the Content and Language Integrated Learning Module on Students’ General Understanding of Models and Modelling


Inter-Group Analysis Model Understanding

To account for differences in students’ understanding of models with regard to ER and CNM between non-CLIL and CLIL learners, we calculated mean scores for all testing times. Starting at similar levels (T0, MWU: Z = –1.750, p = 0.80), we found differences for T1 (MWU: Z = –7.845, p < 0.001, r = 0.513) and T2 (MWU: Z = –8.339, p < 0.001, r = 0.543) regarding CNM (Figure 3, left part) and ER (Figure 3, right part) between non-CLIL and CLIL learners with large effect sizes (Lipsey and Wilson, 2001).
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FIGURE 3. Differences between non-CLIL and CLIL learners in “models as exact replicas” and “changing nature of models” across testing points.




Intra-Group Analysis Model Understanding

Analyses revealed changes for non-CLIL and CLIL learners for model understanding [F: χ2non–CLIL/CLIL (5, n = /149316) = 152.41/125.94, p < 0.001]. Non-CLIL learners changed their notions of models from ER to CNM after participation (T1) but returned to ER after another 6 weeks (T2). Among CLIL learners, in contrast, perception of models as ER was reinforced by participation (T1) but changed to CNM after a 6 week reflection phase (T2) (Figure 3; WT0/T1: non-CLIL/CLIL ER Z = –4.74/–4.71; p < 0.001; WT1/T2: non-CLIL/CLIL ER Z = –7.90/–7.06, p < 0.001; WT0/T2: non-CLIL/CLIL ER Z = –2.96/–4.54, p = 0.003/ p < 0.001; WT0/T1: non-CLIL/CLIL CNM Z = –2.42/–1.65; p = 0.015/ p = 0.098; WT1/T2: non-CLIL/CLIL CNM Z = –6.60/–5.39, p < 0.001; WT0T2: CLIL/CLIL CNM Z = 2.91/–4.46, p = 0.004/ p < 0.001). Thus, the long-term effect of participation on mode-understanding yielded more desirable results for CLIL learners despite the initial retention of ER.




Influence of the Content and Language Integrated Learning Module on Students’ Ability to Evaluate Models


Assessment of Evaluation-1 Phase

We compared sketches of both language variants and identified significantly better results with a medium effect size (MWU: Z = –6.574, p < 0.001, r = 0.304; for details, see Supplementary Datasheet 3) for the non-CLIL approach (Figure 4).
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FIGURE 4. Category frequencies after analyses of students’ responses to the open questions for both non-CLIL and CLIL learners.


Comparing the two treatment groups in terms of category frequencies and students’ responses to the open questions, we found differences for both questions (Figure 5; C = 0.426 and C = 0.445, p < 0.001 in both cases). In their answers to the question “Which features of the original DNA molecule are simplified in your model,” CLIL learners focused almost entirely on the structural level category (C = 0.335, p < 0.001) while non-CLIL learners also pointed to the categories DNA and particle levels (C = 0.427/0.211, p < 0.001).
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FIGURE 5. Category frequencies of the open question “Which features of the original DNA molecule are simplified in your model” for non-CLIL and CLIL learners.


In their answers to the question “Explain why one might create different models of one biological original (in our case, the structure of the DNA),” non-CLIL learners commonly pointed to the category Individuality of DNA (C = 0.372, p < 0.001) while CLIL learners focused instead on different research states as explanations for different DNA models (C = 0.322, p < 0.001). That is, CLIL learners focused on CNM also in the open questions while non-CLIL learners pointed to more phenomenon-related reasons (Figure 6).
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FIGURE 6. Category frequencies of the open question “Explain why one might create different models of one biological original (in our case, the structure of the DNA)” for non-CLIL and CLIL learners.




Assessment of Evaluation-2 Phase

We compared students’ self-evaluation sheets, our assessment of their sheets, and our assessment of their models. For non-CLIL learners, we identified higher scores both for the assessment of students’ self-evaluation sheets (MWU: Z = –3.711, p < 0.001; r = 0.171, small-to-medium effect) and for the assessment of their models (MWU: Z = –8.576, p < 0.001; r = 0.396, medium-to-large effect). Students’ self-evaluation sheets did not differ significantly (MWU: Z = –0.893, p = 0.372; see Figure 7 and for details Table 3).
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FIGURE 7. Differences between non-CLIL and CLIL learners in scores for self-evaluation sheets, subsequent model assessment and reassessment of the students’ self-evaluation sheets.



TABLE 3. Assessment of the evaluation-2 phases in the non-CLIL and CLIL approaches.

[image: Table 3]
Intra-group analyses of both treatment variants indicated similar differences between students’ self-evaluations and our assessment of their self-evaluation sheets and assessment of their model [Table 3; F: χ2non–CLIL/CLIL (2, n = 149/316) ≥ 121.68, p < 0.001]. The pairwise analysis revealed lower scores for our assessment of their self-evaluation sheets compared to their own self-evaluated scores, with large effects (W: Z ≤ -8.818, p < 0.001; r ≥ 0.722). Thus, students identified features as correct that were not given in their model. This discrepancy was evident across all analyses of all sections in both treatment variants [except for the section primary structure; Table 3; F: χ2non–CLIL/CLIL (2, n = 149/316) ≥ 16.92, p < 0.001]; W: Z ≤ -2.762, p ≤ 0.006, r ≥ 0.326 medium-to-large effects). In consequence, students believed to build better models than they did.

In addition to these beliefs, the assessed models scored higher than the assessed self-evaluation sheets (W: Z ≤ -8.280, p < 0.001; r ≥ 0.504, medium-to-large effect). That is, students did not identify all the correctly modelled features. This phenomenon was also evident across all analyses of sectors in both treatment variants [except for the sector bases and secondary structures in the CLIL variant; Table 3; F: χ2non–CLIL/CLIL (2, n = 149/316) ≥ 16.92, p < 0.001]; W: Z ≤ -3.191, p ≤ 0.001, in each case; r ≥ 0.180, small-to-medium effects]. Thus, students also built better models than they believed.



Comparison of Evaluation-1 and Evaluation-2 Phases

In both language variants, we compared the scores of recorded sketches, which represent the quality of evaluation-1 phase, and the scores of students’ self-evaluation sheets, which reflect the quality of their evaluation-2 phase, with our model scores (Figure 8).
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FIGURE 8. Differences between non-CLIL and CLIL learners for model evaluation, recoded evaluation of students’ sketches and students’ model self-evaluation.



Non-CLIL Learners

Intra-group analyses of non-CLIL students revealed differences between our model scores and the scores for students’ sketches (recoded) and the students’ self-evaluation sheets [F: χ2non–CLIL (2, n = 149) = 10.79, p < 0.001]. Pair-wise analysis revealed lower scores for their sketches (recoded) compared to the model scores (W: Z = –4.051, p < 0.001; r = 0.332, medium effect), but not for their self-evaluation sheets (W: Z = –0.824, p = 0.410). That is, non-CLIL students performed better in evaluation-2 phase than in evaluation-1 phase.



CLIL Learners

Intra-group analyses of CLIL learners revealed differences between our model scores, the scores of students’ sketches (recoded), and their self-evaluation sheets [F: χ2CLIL (2, n = 316) = 109.28, p < 0.001]. Pair-wise analysis displayed similar scores for students’ sketches (recoded) as compared to the model scores (W: Z = –0.352, p = 0.725), but higher scores for their self-evaluation sheets (W: Z = –8.100, p < 0.001, r = 0.456, medium-to-large effect). That is, CLIL learners outperformed non-CLIL learners in evaluation-1 phase. However, CLIL learners also identified features as correct that were not given in their model.






DISCUSSION

Our 1-day outreach module had a positive effect on knowledge of “DNA as a model,” model-understanding, and model evaluation, regardless of non-CLIL or CLIL implementation. Yet, non-CLIL learners outperformed CLIL learners regarding knowledge of “DNA as a model” and model evaluation-2 phase while CLIL learners outperformed non-CLIL learners regarding model-understanding and model evaluation-1 phase. The latter could be explained by the students’ discipline-specific scientific practices involving hands-on and minds-on activities in combination with scientific discourse. This may have led to a deeper understanding of the represented scientific content and models in science (Schwarz et al., 2009), and may also have contributed to scientific literacy (Ke et al., 2020). While the CLIL approach may have triggered higher cognitive involvement (Tagnin and Ní Ríordáin, 2021), it could have also overburdened the mental capacity of students (Grandinetti et al., 2013; Tolbert et al., 2019), explaining the results of the non-CLIL as compared to the CLIL treatment group.


Content Knowledge and Understanding

The influence that our CLIL science module had on content knowledge and understanding regarding “DNA as a model” (RQ1: How does a 1-day CLIL science module influence students’ knowledge of “DNA as a model” throughout the hands-on laboratory?) throughout the hands-on laboratory was in keeping with our previous findings (Roth et al., 2020). That is, non-CLIL learners outperformed CLIL learners regarding short-term knowledge acquisition. We propose that the increased mental load from both content and language learning may have influenced students’ performance. That is, the mental processing of scientific content in a foreign language, accompanied by hands-on experimentation and modelling and model evaluation activities, may have overstrained students’ mental capabilities (Rodenhauser and Preisfeld, 2015; Sweller, 2015). Yet, it mirrors an authentic setting in science classrooms in connecting with the increasing adoption of CLIL outside of English-speaking countries.

Although the performance of the CLIL learners was poorer as compared to non-CLIL learners, there was a significant knowledge acquisition that could be sustained both temporarily and permanently. This confirms studies of, for instance, Campillo-Ferrer and Miralles-Martínez (2022). While the comparably higher mental effort involved in learning scientific content in a foreign language may have influenced overall performance (Rodenhauser and Preisfeld, 2015; Sweller, 2015), the discursive activities—as observed and encouraged by the instructor–involved in the construction and negotiation of an appropriate model may have led to deep-learning (Krell et al., 2015; Ke and Schwarz, 2020; Ke et al., 2020) of information relevant to the design of the DNA model. Thus, the combination of hands-on tasks with minds-on activities in CLIL learning (Glynn and Muth, 1994; Satayev et al., 2022) may have conveyed knowledge of “DNA as a model,” while the negotiation of meaning involved in the process of talking about science could have encouraged retention of this knowledge (Evnitskaya and Morton, 2011). That is, the various scaffolding exercises, which had to be solved in group-work, may have encouraged more and deeper discussion of the DNA-related experiments and ensuing construction of a three-dimensional DNA model (Ke and Schwarz, 2020; Ke et al., 2020).



Model Understanding

The influence that our CLIL science module had on overall model-understanding, compared to the non-CLIL approach (RQ2: How does CLIL influence students’ general understanding of models and modelling?) supports our assumption that the incorporation of scientific discourse into model negotiation and model construction, induced by more extensive scaffolding exercises, encourages deep-learning. In particular, students displayed a significant increase in their awareness for CNM and a respective decrease in the misconception of EM after participation in our CLIL science module. They even answered open questions in accordance with CNM before the post-test was completed. This is in stark contrast to the widespread yet erroneous notion among students, that models are exact copies of real-life phenomena that only differ across time and do not change in response to new evidence (Grosslight et al., 1991; Ke and Schwarz, 2020). In fact, students are largely unaware of the importance of evidence and the constant negotiation of a models’ validity by peer scientists (Treagust et al., 2002; Mendonça and Justi, 2013; Ke et al., 2020). Since the findings of our non-CLIL approach reflect the hypothesized lack of model-understanding—students still perceived models as ER after participation–our CLIL science module appears to have compensated for this lack.

One key aspect that may have influenced model-understanding is discursive action (Passmore and Svoboda). This also includes the analysis and interpretation of data and the re-evaluation of models, if required (Ke et al., 2020). As such, critical reflection of models and the therewith associated re-construction of certain elements may have contributed to CNM (Schwarz et al., 2009). The increased discursive action may have also led to the development of epistemological understanding of modelling processes, hence encouraging deeper cognitive processing of their material (Sins et al., 2009). Yet, discourse and model evaluation were elements of our previous non-CLIL laboratory. Since our participating students were not yet fully fluent in English, and only started developing their scientific literacy, they had to re-read, re-think, and extensively discuss their mental models before they proceeded with construction. This led to several cycles of mental rehearsal (Gilbert and Justi, 2002; Khan, 2011; Oh and Oh, 2010), in the process of which the students could have slowly become aware of the changing nature of models, dependent on the information (Treagust et al., 2002) they extracted from their manuals and the text about the discovery of DNA (Usher, 2013).

This is, of course, only one possible explanation, but it is supported by theories about the development of scientific literacy and associated deep learning. Often, models are simply regarded as representations of a phenomenon and not as a “sense-making tool for considering how and why patterns and mechanisms of phenomena occur” (Ke and Schwarz, 2020, p. 2). Finding answers to the “how” and “why” may move modelling away from purely content-based learning and may focus more on the practice of science. This could have encouraged students to engage in proposing scientific hypotheses and finding scientific arguments to justify these hypotheses. Not only may this stimulate in-depth exploration of the subject at hand, which encourages the development of scientific literacy (France, 2019; Quarderer and McDermott, 2020; Virida, 2021), but it may also promote deep-learning (Lee et al., 2015; Piacentini et al., 2022). Based on the dual-coding theory by e.g., Clark and Paivio (1991) and context-availability method by e.g., Aslandag and Yanpar (2014) both the verbal and non-verbal code embedded into a larger context are believed to mediate the understanding of difficult information and the uptake of contextualized vocabulary (Fernández-Fontecha et al., 2020). That is, “deep-level processing” of the given information is required (Case and Gunstone, 2002, p. 461), which, it seems, our non-CLIL approach did not achieve to the same degree as our CLIL module.

For deep-level processing, students should also understand what they are reasoning about. Since the language of science differs from the language used in everyday settings (Wang and Chen, 2014; Piacentini et al., 2022), scientific literacy in the respective science discipline is indispensable (Prain, 2004). This not only includes vocabulary and hands-on activities but also minds-on activities. Such minds-on activities include the explanation and abstraction of scientific content (Glynn and Muth, 1994). Although minds-on activities were likewise included in our non-CLIL module in the form of open questions in the laboratory manuals encouraging students to summarize observations, we further developed these activities in our CLIL module. As students were still learning English as their second language, we provided additional scaffolding material in the form of a language workbook and tried to ensure that the students had understood the content of our laboratory by encouraging them to summarize the procedures in their own words. We also extended this method to the modelling phases, which is why the purpose of a model may have probably been more clearly understood than in the non-CLIL module. That is, the “verbal representation” of a model may be at least as important as its physical manifestation in explaining and justifying the proposed model (Campbell and Fazio, 2020, p. 2302). Yet, in classroom teaching, such representation of mental models, including the critiquing, revising, and enriching of mental models is often neglected. Specifically, the involvement of teachers to create models from scientific discourse appears to be a key element to model-understanding and modelling (Khan, 2011).



Model Evaluation

The influence that our CLIL science module had on overall model evaluation-1 and model evaluation-2 as compared to the non-CLIL treatment group [RQ3: How does CLIL influence students’ ability to evaluate models—specifically, the two implemented evaluation phases (evaluation-1 and evaluation-2)?] mirrors our findings on knowledge of “DNA as a model.” Non-CLIL learners received higher scores for their model sketches and hand-crafted models and outperformed CLIL learners in model evaluation-2. The better overall performance of non-CLIL learners in model construction, in their sketches and in evaluation-2 may—much like content knowledge and understanding of the scientific concept—be attributed to the increased mental load from both content and language learning for the CLIL learners (Sweller, 2015). As has previously been outlined, the practice of modelling requires an understanding of the content and an extensive period of negotiation (Gilbert and Justi, 2002; Passmore and Svoboda, 2012). The lack of language proficiency in English may, thus, have influenced students’ performance and contributed to an overload of mental demands from the combination of content and language learning (Johnstone and Wham, 1979).

In both non-CLIL and CLIL treatment variants, some students correctly identified and labelled the DNA’s different components, some students identified only a limited number, and some only modelled the DNA’s basic structure. This result is in line with the findings of previous studies (Howell et al., 2019), wherein the researchers described difficulties in students’ understanding of DNA’s structure-function relationships. We also reported such findings in a comparative study of non-CLIL outreach modules (Roth et al., 2020).

Analysis of answers regarding model-related questions on the students’ worksheet of model evaluation-1 may indicate the increased model-understanding of CLIL learners. Sample answers showed that CLIL learners focused, in particular, on the “structural level of DNA” and “state of research” as determinants of how such models are being developed. This may demonstrate a broad understanding of “DNA as a model” and the realization that models are not exact representations of observed phenomena but may change dependent on emerging evidence (Grosslight et al., 1991; Ke and Schwarz, 2020). This awareness is in stark contrast to typical notions among students of the nature of models (Schwarz et al., 2009; Krell et al., 2015). Similar to overall model-understanding, the students’ lack of fluency in English and their developing scientific literacy may have led to more intense re-reading, re-thinking, and extensive discussion of their mental models before they proceeded with their construction. This could have induced several cycles of mental rehearsal (Gilbert and Justi, 2002; Oh and Oh, 2010), which expedited the awareness of CNM (Treagust et al., 2002). Findings from evaluation-1, wherein students were asked to draw sketches of their hand-crafted models, supports this theory. Although the models were certainly not as exact as those built by non-CLIL learners, CLIL learners designed sketches that were far more accurate and labelled components of their models accordingly. This task may demand a deeper model-understanding than simply comparing hand-crafted models to a commercial DNA model and ticking features on a pre-designed list, as was the case in evaluation-2 where non-CLIL learners outperformed CLIL learners. Hence, CLIL learners may not only have understood the importance of CNM but also may have known the function and place of components that they crafted in their models. Yet, further qualitative analysis of observations and more open questions may be required to confirm these first indications.




LIMITATIONS

Firstly, our study involved ninth-graders, who had little to no prior experience in hands-on experimentation, modelling, and model evaluation. Secondly, the students had little real-life experience of English outside English language lessons, as we learned from conversations with students and teachers. Thirdly, due to Bonferroni corrections, comparisons of T0 and T2 knowledge scores were slightly above the reduced threshold of significance. Therefore, we cannot exclude a potential beta error. However, an additional comparison of different variables only fortified the higher short-term achievement of non-CLIL learners. A lack of commonly agreed standardized instruments for assessing CLIL content learning, which, in our case, also extends to modelling and model evaluation, may impair adequate comparison (Dalton-Puffer, 2007). Fourthly, due to the context-dependency of CLIL learning, results cannot easily be extrapolated (Pérez-Cañado, 2012). As a consequence, generalizing about the success of CLIL learning requires an acknowledgments of the diversity of possible CLIL implementations. Further research in the context of short-term implementations of CLIL in combination with model-related learning is required to pinpoint key challenges and consider possible means to increase its success. That is, the implementation of long-term modules as investigated by, for instance Meyerhöffer and Dreesmann (2019) and confirmed by Haagen-Schützenhöfer et al. (2011), show that the positive outcomes of our module, such as model-understanding, could be enhanced while negative outcomes related to CLIL instruction, such as content knowledge, could be levelled out. Yet, other short-term CLIL modules by, for instance, Rodenhauser and Preisfeld (2015) did not produce significant differences between CLIL and non-CLIL participants. For further implementations, we should consider reducing the extraneous load (Chandler and Sweller, 1991), by providing more scaffolding materials and spreading the module over two consecutive days. This way, and in line with Meyerhöffer and Dreesmann (2019) and Craik and Lockhart (1972) levels of processing theory, CLIL students should succeed and even outperform non-CLIL students also regarding content knowledge, and model building as well as evaluation. Moreover, the inclusion of qualitative discourse analysis in further developments of the module could shed more light on the importance of talking about science in the creation of knowledge and model-understanding.



CONCLUSION

Our study furthers understanding of the relationship between CLIL learning and model-understanding, which encompasses aspects of language learning and scientific literacy (e.g., Prain, 2004), content learning and language learning (e.g., Stoddart et al., 2002; Gonzalez-Howard and McNeill, 2016), modelling and content learning (e.g., Schwarz et al., 2009; Lee et al., 2015), as well as modelling and scientific literacy (e.g., Ke et al., 2020; Quarderer and McDermott, 2020). While most previous studies have focused, primarily, on only one of these combinations, our module encompasses aspects of them all. Moreover, our study explores the potential of short-term CLIL modules, rather than the long-term CLIL modules more commonly explored by other researchers (Meyerhöffer and Dreesmann, 2019).

Although the CLIL treatment group received overall lower scores than non-CLIL learners, CLIL outreach learning holds the potential to improve model understanding. As the development of model understanding is rather cumbersome, and stimulating environments are difficult to identify (Glynn and Muth, 1994; Schwarz et al., 2009), our CLIL module could provide a possible approach by combining hands-on laboratory experiments with language learning and associated minds-on activities. Although we cannot identify the reasons for lower scores among the CLIL group, we would—in line with cognitive load theory (Sweller, 2015)—encourage the reduction of content in later implementations.
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sheet? evaluation sheet?
Non-CLILP CLIL® Non-CLIL? CLIL® Non-CLILP CLIL®
5.1(2.0/6.00 3.9(1.0/6.0) 4.3(0/5.0) 0.8 (0/5.00 5.0(5.0/5.0) 1.1(0/5.0)
1.3(0/2.0) 1.1(0/2.0) 1.0 (0/2.0) 0.5(0/1.00 1.5(1.0/2.0) 0.8 (0/2.0)
1.4 (0/2.0) 1.4 (0/2.0) 1.2 (0/2.0) 0.6 (0/1.0) 1.7 (1.0/2.0) 0.7 (0/2.0)
1.6(0.3/2.00 1.6(1.0/2.0) 1.6(1.0/2.0) 1.6(1.0/2.0) 2.0(2.0/2.0) 2.0 (2.0/2.0)
1.1(0/2.0) 1.5(1.0/2.0) 0.6(0/1.8) 0.9 (0/1.0) 1.2 (0/2.0) 1.0 (0/2.0)
10.6 (6.0/13.0) 9.1 (65.0/13.0) 8.7 (2.56/11.0) 5.0(3.0/9.0) 10.8(8.0/13.0) 6.6 (4.0/10.0)
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ascore maximal 14 points; Pscore maximal 19 points; Sscore maximal the model score, see @.
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Instruction and conversation language English -
Vocabulary scaffolding material for all intervention phases -
Pre-lab (60 min) +
DNA-related theoretical and experimental phases (165 min)

DNA relevance (30 min)

Hands-on isolation of DNA (75 min)

Gel electrophoresis of DNA (60 min) a4 %
Model-related phases (100 min)

Mental modeling: text analysis (20 min) + 52
DNA modeling with craft materials (40 min) + 4
Model evaluation-1: Drawing a paper and pencil version of the crafted model and answering questions (20 min) + +
Model evaluation-2: Comparing the crafted model with a scientific demonstration model (20 min) + +
Interpretation (20 min) + +





