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Abstract

:

The use of socio-ecological controversies, such as global warming, in classrooms has been suggested to increase students’ awareness about complex issues, although detailed analysis of their implementation in classrooms are still scarce. This research shows a model-based inquiry approach (MBI) instructional sequence, using scientific news as a trigger, aimed at addressing a global problem on a real socio-ecological system: the effect of global warming on the Great Barrier Reef. Its implementation in a lower secondary school classroom allowed the assessment of the effectiveness of the instructional sequence designed, based on students’ perception of what secondary school students have learned and felt. Results show that the MBI instructional sequence seems to have favored the mobilization of students’ alternative conceptions about global warming, coral reefs, and symbiotic relationships. In addition, it contributed to increasing the students’ awareness of the problem of global warming and its effects on an essential socio-ecological system, such as coral reefs.
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1. Introduction


The United Nations Framework Convention on Climate Change recognized, already in 1992, the need to implement specific education and awareness programs to involve the population in the study of the problem and its consequences, as well as in adequate decision making [1]. Despite institutional efforts since then and scientific consensus on the effects of global warming [2], as well as the recent youth mobilizations demanding a future for next generations [3], students seem still unaware of their role in generating the problem and how its consequences affect them [4,5]. According to different authors, scarce scientific knowledge might limit students’ argumentation skills based on evidence, which would empower them for democratic problem-solving action regarding socio-ecological issues [6,7].



Global warming (GW) is a complex problem [8], since the socio-economic and ecological drivers of this issue interact in a nonlinear fashion, characterized by their reinforcing mechanisms and time delays [9], which may represent an obstacle for an adequate understanding of the problem and, therefore, complicate the adoption of individual responsibilities [10].



From the educational arena, this situation should not leave us indifferent, among other reasons, because educators must get involved in the task of citizen activation, if we want to contribute to training responsible and capable people to participate in decision making [11]. GW is identified as an area of intersection of science and society “that result[s] in complex and often controversial issues” [12] (p. 639), which is recognized as a productive context for teaching and learning [13]. Thus, more efforts should be taken in order to facilitate students’ understanding of controversial socio-scientific issues such as GW. In this sense, some authors have suggested the use of educational approaches based on their alternative conceptions and engaging students in scientific discourse [5]. So it will be necessary to diagnose the students’ previous conceptions and to plan activities in which those ideas about complex problems may come into conflict, fostering learning that helps students understand the world, to make informed decisions, and to act as a community in a responsible, sustainable, and democratic manner, to face present-day and future problems [7]. Nonetheless, we must be aware that students do not automatically transform their beliefs when receiving new information which is more in accordance with scientific knowledge [14].



Numerous research studies have diagnosed and described students’ alternative conceptions about all kinds of science topics [15,16]. Alternative conceptions and myths about socio-ecological issues also have a long history [4,17,18]. In the vast majority of research based on a diagnosis of conceptions, students’ ideas have been collected by using well-constructed and validated questionnaires—very useful for research, but less appropriate or formative for the participating students, also not permitting teachers to include them in a sequence of activities. This almost exclusive use of the questionnaire to detect students’ ideas could lead us to think that it is the only way to find out whether our students (and how many of them) have this or that alternative conception of any socio-ecological conflict.



In order to give up this “edu-myth”, the model-based inquiry (MBI [19]) teaching approach allows one to raise phenomena, questions, and controversial activities which serve as triggers for students to express their personal ideas (conceptions, beliefs, myths, etc.) as an initial step; thus, their ideas are put in conflict with the search for evidence and the construction of explanatory models. Likewise, the didactic use of socio-ecological controversies is a current and relevant line of research [20,21,22,23] which focuses the science education on giving answers to real problems and promotes the development of systemic thinking and active participation [24,25].



Taking these approaches into account, in this work we want to present the results of the implementation with secondary school students of an MBI instructional sequence, based on a global problem about a real socio-ecological system (SES): the effect of global warming on the Great Barrier Reef [26,27,28]. This case study looked to extract students’ conceptions about coral, the importance of its conservation, and the effects produced by the increase in water temperature on this SES, and, therefore, to address the importance of mitigating the effect of the GW to avoid their loss [29]. For Lehtonen et al. [8], coral reefs offer an example of a complex SES and the need for systems thinking, since the disappearance of the coral caused by the rise in sea water temperature due to the GW [26,27,28,30] results in large-scale socio-economic challenges, as millions of people base their diets on food from coral reefs [31]. So, it could trigger environmental migration which, in turn, would affect “the structures and stability not only of the countries of origin but also countries where immigration is directed” [8] (p. 347). In addition, the 2030 Agenda for Sustainable Development [32] points to the need to conserve and sustainably use the seas and oceans, as well as the resources they provide and urges for them to be addressed from the educational arena.




2. Aims of This Study


In order to face some of these difficulties and be able to address this complex problem in lower secondary school, a model-based inquiry intervention was designed, focused on the search of scientific evidence [33]. The proposal was based on a piece of news about the effect of global warming on the Great Barrier Reef to help students express their ideas about these organisms, to help them rebuild their understanding of why GW affects them negatively, and to sensitize them to the consequences of their disappearance. The results that we show in this article are structured around three objectives: (i) to contribute to raising students’ awareness of the problem of GW and its effects on an essential socio-ecological system, such as coral reefs, and to address some of the students’ conceptions; (ii) to design a complete MBI sequence which can be reproduced in other contexts; and (iii) to evaluate the effectiveness of the sequence based on the students’ perception of what they learned and felt.




3. Literature Review


3.1. Socio-Ecological Controversies and the Use of News in the Secondary School Classrooms


The effects of GW on socio-ecological systems represent some of the most prominent recent news, both in written press [34,35] and in environmental education literature [36,37,38]. This diversity of news (many on social networks [39]) does not automatically make it a direct application resource for the classroom.



It should be noted that scientific divulgation and scientific education may have a common trajectory, but they have well-differentiated objectives [40,41]. So, the use of socio-scientific news requires different strategies [42,43,44], ranging from the use of the news as a context connected with the curricular content to teach [34,45,46,47] and critical reading using the CRITIC approach [48], to the use of the news as a trigger for an MBI sequence of tasks, which is the case presented in this work.



The use of news about socio-ecological controversies in the classroom should not be oversimplified, i.e., it is not enough to show them to the students to be understood, be critically analyzed, and have conclusions drawn about them independently [49,50]. The understanding and argumentation process requires a teaching approach of a dialogical, discursive, and social nature, anchored in the phenomena that appear in the news, which can be translated into different teaching approaches (inquiry, modeling, problem-based learning, etc. [43]). This is the case of the PreSEES project [51,52] in which, assuming an argumentation-based approach [53], the socio-ecological controversy arises, the different positions–groups of those affected are analyzed to elaborate a first position, and evidence is used to elaborate increasingly sophisticated arguments until elaborating one with counterarguments and refutations, following a scheme of improvement of Toulmin’s argumentation [54].



In the following sections, we justify our teaching approach—model-based inquiry (MBI) approach—based on the need to contradict the students’ alternative conceptions by changing the way of generating and validating their knowledge through scientific practices (inquiry and modeling) and to contribute to raising students’ awareness of the Great Barrier Reef bleaching problem as an indicator of global warming.




3.2. Students’ Conceptions Related to Global Warming and Coral Reefs


Numerous studies show the difficulty of the population to define global warming, its causes, and consequences [5,55,56]. For Meira [57], it is a very complex problem which shows a set of obstacles related to the difficulty of citizenship, in general, and young people, in particular



	
to understand the relationships between the biosphere–atmosphere–hydrosphere–geosphere interface, given the need to develop systemic and dynamic thinking that allows us to overcome a static and fragmented vision of the interactions produced in this interface [58,59];



	
to interpret large-scale spatial and temporal changes, since their effects on the environment, economy, and health are transboundary and usually occur at medium or long-term, hardly noticeably, as well as to understand changes on a molecular scale, such as those related to biogeochemical cycles [57,58,60]; and



	
to recognize the indirect cause–effect relationships between our individual and collective actions, and their consequences for global change [10,57].






The literature review performed by reference [5] about students’ conceptions of GW found that high school students were often unclear about the role of humans in this problem, as well as an extended lack of perceived personal responsibility. Furthermore, students do not understand which of their specific daily actions can potentially impact climate change. For Daniel et al. [61], this lack of direct cause–effect link may reduce students’ motivation to make the necessary changes to face this problem, which usually are personally and socially costly.



In the case of the Great Barrier Reef, these obstacles become even more apparent. On one hand, students show difficulties recognizing coral as a living being and, specifically, as an animal. In this sense, reference [62] reported a generalized trend to consider only animals as living beings, rather than plants, fungi, and bacteria. Nevertheless, students seldom include coral within the animal kingdom, since these organisms do not clearly show some of the characteristics that one would expect—according to the student’s conception—in this group: movement [63]. In addition, they are not seen as animals due to their calcareous appearance. In these regards, some authors have reported the difficulties to identify that living beings or parts of living beings which have mineral or rigid appearance are formed by cells [64,65,66]. Therefore, if they do not identify coral as living beings, they will hardly recognize their vulnerability to GW or the importance of their loss.



The analysis of students’ understanding of marine resource management performed by Brody [29], also revealed several misconceptions. Among others, many students believe that coral reefs exist only throughout the Atlantic Ocean, and that the oceans are a balance system with limitless resources. It has been also highlighted the extreme difficulties to understand the effect of GW on coral reefs, since certain scientific contents related to “the pH scale, acid-based chemical reactions, and the molecular behaviour of CO2 in seawater”, which are addressed in subsequent courses according to the Spanish Official Curriculum for secondary education, and which would aid in students’ understanding [60] (p. 2). Furthermore, since some students maintain that certain deep aquatic plants do not need light, it will make it more difficult to understand the symbiotic relationships taking place in coral reefs. Even university students did not make reference to the biological diversity existing in coral reefs when they were asked to describe what they saw on a collage of this system [67].



Moreover, some research has investigated students’ understanding of the impact of GW on the ocean, whose findings showed that students tend to focus primarily on the direct effects, such as sea level rise, but seldom they recognize the indirect effects of ocean temperature changes [68,69]. It seems that high school students do not consider ocean acidification to be an impact of climate change, perhaps due to the difficulties related to the scientific understanding of the effect at a molecular level [60]. Neither did the undergraduates who participated in the study of Lorenzo-Rial et al. [11], since around 85% of them ignored the effects and consequences on oceans acidification due to anthropogenic CO2 emissions. In addition, reference [70] demonstrated secondary school students’ difficulties with the idea that CO2 dissolves in water, as well as with the role of oceans in the carbon cycle. For Howard et al. [71], these conceptions related to chemistry and greenhouse gases may prevent students from correctly conceptualizing the related scientific processes and phenomena, such as the coral reef bleaching due to the rise of the ocean temperature.



Beyond the difficulties to recognize coral as living beings, these misconceptions suggest important obstacles to assess the vulnerability of coral reefs to global warming, and to value the relevance of this SES to maintain biodiversity and the ecosystem services associated with it. Moreover, in the cases they do, students tend to give them a strictly ecological value, a necessary perspective, but insufficient [10,72]. Then, their disappearance could be perceived as a completely distant problem from society, or the socio-economic consequences are not considered.



Due to the little research found about misconceptions regarding coral and their role in the ecosystem, we claim that more research is needed to go in-depth in it. In this regard, this work also tries to contribute to this arena.



It should be noted that several authors have highlighted that high school students tend to assume the idea of “balance” in nature when they talk about biodiversity [14]. According to these authors, this trend might be difficult for them to recognize and value species evenness and changes in the face of global environmental drives, such as GW. Even university students show a strong belief in an extremely resilient “balance of nature”, since they maintain that it is very likely that disturbed ecosystems can fully recover their initial states [73].



These and other misconceptions, if they are not adequately addressed, might represent a limitation to understand information and news, to feel involved not only in the causes but also in the consequences of the problems, and, as aforementioned, to encourage the necessary personal and collective changes to face global warming.




3.3. Scientific Practices for Knowledge Building


Science education research has shown that progress from alternative explanations to scientific ones requires bringing students closer to the ways of thinking, doing, accepting, and communicating knowledge which are proper to science, reflected in a set of scientific practices that can be grouped into practices of inquiry, modeling, and argumentation [53]. In this article, we focus on the former two.



On one hand, inquiry is the process of searching for evidence to contrast explanations. Teaching tasks related to inquiry may include a question or any trigger that leads to express and discuss explanations, dealing with a phenomenon, selecting or designing the process of searching for evidence to contrast the statements, and analyzing and communicating results [33]. A deformed version of this practice is its reduction to mechanical laboratory activities, a practice which does not reflect actual scientific activity and does not allow the generation and validation of knowledge [54].



On the other hand, modeling is the process of building, using, and evaluating models [74,75]. A model is a simplified representation of a system, which selects its most relevant issues in order to describe, explain, and predict phenomena. Alternative explanations may be considered initial models, although unstable, unrelated, and referring to particular phenomena, while scientific explanations can be considered models of greater complexity and generality. Teaching tasks related to modeling may be building a model to explain a data set, using a model to make and justify hypotheses, or assessing a model according to a set of results or for its conceptual consistency. A deformed version of this practice is its reduction to the learning of already elaborated models.



Learning to participate in scientific practices requires carrying out specific activities in the classroom and organizing teaching as sequences of tasks or activities structured around them [54,74,75]. Several international reports and projects have recommended that the inquiry process becomes the backbone of teaching, under the common name of inquiry-based science education (IBSE). Numerous quantitative studies have shown the effectiveness limited of non-guidance IBSE and the benefits of guidance IBSE in learning scientific skills [76,77,78,79,80,81]. Furthermore, IBSE engages students in learning [82,83], enhancing their attitudes, motivation, interest, self-confidence, and expectations for the future [33]. A necessary benefit of using IBSE as a teaching approach is it promotes the commitment of girls to science and scientific professions [76,77,78,79].



Regarding conceptual learning, IBSE is shown to be effective when it is developed in a structured way, breaking down the process of inquiry into tasks, guided by the teacher [84,85].



Frequently, IBSE is reduced to manipulative activities, reproducing an empiricist image of science and achieving a particular explanation for a specific phenomenon, but it lacks the inclusion of modeling and general explanations [81]. In order to face this deformation, the model-based inquiry approach (MBI) aims at effectively integrating the different scientific practices, placing the model that is intended to be built or assessed at the heart of the process.



According to reference [54], the following types of tasks could be the reference—not algorithmic sequence—for an MBI teaching approach.



	
Establish a discussion context in which the question to be investigated makes sense for students and promotes their own ideas (hypotheses).



	
Express and discuss hypotheses, sometimes justified in an alternative model and other times, a scientific one.



	
Express and discuss potential evidence-seeking designs about these hypotheses. This design may be for direct information, observation, or experimentation.



	
Obtain the data, communicating, and interpreting them to transform them into evidence, drawing conclusions about the validity of the hypotheses.



	
Argue the validity of new models according to the evidence obtained. Apply those ideas to new situations and evaluate them.






The emphasis, the selection, or combination of these types of tasks would lead to different MBI cycles. In any case, until reaching a teaching sequence, it is necessary to previously identify which model or key ideas of the model we want students to learn, what context and which question will make sense of the topic, which design will be the most appropriate, which data and information will be analyzed, and which conclusion is expected to be reached.



The next step will be to specify the statement of each task to be presented to the students and to foresee the difficulties that will be found. This is described in detail below, for the development of our sequence based on the analysis of the effect of GW on the Great Barrier Reef.





4. Materials and Methods


In order to potentially implement, adapt, or reproduce the results, full details of the MBI sequence of tasks are provided in this section.



4.1. Participants


This sequence of tasks was put into practice with two groups of students, belonging to the first year of secondary school in the province of Almería (SE Spain), with 25 and 22 participants respectively (13–14 years old). All the tasks were written individually by each student in their notebook and presented in small groups of four and, after this initial debate, in a large group. In this way, we ensured the widest possible diversity of ideas expressed by students and the search for consensus.




4.2. Description of the Model-Based Inquiry (MBI) Approach Instructional Sequence and Data Collection


The difficulties of recognizing as living what has a calcareous appearance and the barrier that this can pose to identify these socio-ecological systems as indicators of global warming, described in Section 3.2, led us to consider the need that, during the MBI sequence, students should build the following key ideas.



	
Coral are living beings and constitute the habitat of other marine organisms.



	
Coral reefs are important and global warming affects them.



	
GW needs to stop to minimize the impacts on this socio-ecological system.






The designed proposal consisted of 16 tasks, structured in three blocks, as described below, which were implemented in an exceptional session, which took 3 h of intensive work.



	
A first block of questions, prior to reading the news, aimed at introducing students to the subject and engaging them through the expression of their personal ideas about whether coral are living beings or not. Therefore, this Block 1 of tasks (Table 1) was intended for students to express their personal ideas about coral and to put them into conflict.



	
A second block of tasks (Table 2) addressed a scientific news article, entitled “The Great Barrier Reef is threatened by global warming”. This news represents the context and the question that will give meaning to the inquiry. In the classroom, following the Jigsaw method, the news was divided into four parts—the number of students per working group [86]. Each student did an individual reading of their part and wrote down the most important ideas, which they shared with the rest of their classmates from the different groups who read the same part, in order to have a more complete vision. Finally, they returned to their starting group to share the summary of the main ideas of each part of the news.



	
A third block of tasks is shown in Table 3; the news was used as the context of the MBI approach, giving meaning to all the previous tasks. Particularly, students were asked to use graphic language to show what they thought about coral (task T9); in addition, they were asked to look for an explanation about how they believe that the increase in temperature affects coral so that they are disappearing, as the news suggests. The following task (T10) was intended for the students to recognize the symbiotic relationship with algae and the effects of increasing water temperature on this relationship. Likewise, within the tasks T11–T13, students were asked for arguments to justify their ideas to build the coral model as a living being. In order to justify coral reproduction (T12), the vital function less known to them, a video was provided [87] in which they could observe the spawning of the coral. These tasks, aimed at searching for evidence that supports coral are living beings, become especially relevant in the sequence to understand the symbiotic relationship with algae, and their vulnerability to GW. Based on all the evidence which they gathered throughout the sequence (they reproduce, they feed, they breathe, and they relate), students may conclude that coral are living beings (T14). Now, we needed to create a model that explains why coral die when the water temperature increases due to the GW effect (T15). At this point, with the evidence gathered in the reading of the news and searching on the Internet, we considered that the students may be able to build the conclusion about the effects of the increase in sea temperature: the algae, which live with the coral, disappear; therefore, the coral remain without sufficient nutrients, whitening; and, if the effect persists, coral may end up dying.






As a final task (T17), in order to make students aware of the effect of what they have learned and felt during the MBI instructional sequence, we conducted a questionnaire based on a Knowledge and Prior Study Inventory (KPSI) approach to self-regulate learning (Table A1, in the Appendix A). This tool considers the participants’ knowledge before and after experiencing the sequence, through Likert scale responses, as well as the emotions felt during the sequence [33,88].




4.3. Data Analysis


A descriptive analysis and inferential statistics were applied to determine the frequency of the students’ responses. In the application of inferential statistics, dependent samples were considered, so Student’s t-test and Correlation analysis were used, with a significance level of α = 05.



Taking into account the characteristics of the study, the validity of the questionnaire focused on the validity of the content through the judgment of experts referring to the selection of key items and emotions: its relevance to the aims of the study and its suitability for the sample. This task was carried out by the Sensociencia Project’s research team.



The reliability of the results referring to the self-regulation of learning, being ordinal variables, was studied using the Cronbach coefficient. The reliability of the results referring to the self-regulation of learning was studied using the Cronbach coefficient. The value of the coefficient was 0.918, a very acceptable value according to reference [89].



The reliability of the results referring to emotions, being dichotomous variables, was studied using the Kuder–Richardson coefficient. The negative value of the coefficient referring to the experienced emotions construct indicated that the whole questionnaire was not reliable because the sample is reduced. To further refine the study of reliability in relation to emotions, the questionnaire was decomposed into nine sub-questionnaires, taking as a construct in each of them the experience of a particular emotion through different key moments or items in the sequence. In this case, the following values of the Kuder–Richardson coefficient showed moderate or high reliability on concentration: 0.839; interest: 0.835; confidence: 0.544; satisfaction: 0.694; insecurity: 0.376; and dissatisfaction: 0.442.





5. Results


Below, we show the main results of the sequence of tasks, structured according to the three indicated aims.



5.1. Students’ Conceptions


Almost all students (>90%) thought that both mussels and coral are living beings (T1), although the remaining answers confirmed the existence of alternative conceptions related to the fact that the rigid or calcareous is not alive due to its resemblance to inert matter [64,65,66]. In addition, by naming the latter, some students indicated that they are plants, algae, or the seabed. In fact, when students were asked about the existence of plants in the images shown in Figure 1 (T2), all of them indicated that coral were plants, except one student who defended from the beginning that coral belong to the animal kingdom. For T4, criteria were also requested to justify whether coral are living beings. The most common answer referred to the fact that coral are living beings because they perform the three vital functions (Table 4). This is important because this is the model that is expected that students reach through this sequence, looking for evidence that confirms it.



As a result of the large group dialog about the responses to these tasks, interesting discussions emerged. The student who defended that coral are animals said that in a TV documentary he had watched that they could feed on plankton, facing their classmates who defended that, as they are plants, they create their own food.



Another discussion was generated when students were asked how they knew that coral perform photosynthesis. All their answers were initially related to the green color; but, when a photograph of coral of different colors was shown (Figure 1), their justifications were two. On the one hand, some groups said that only the greens were plants and the rest were rocks. On the other hand, some groups thought that coral without green colors contain other pigments to carry out photosynthesis.



A third debate was generated at this point about reproduction, since there was a group that said that coral do not have seeds, so they cannot be plants; different from the rest of the groups who justified that coral are “some special plants which are reproduced by fragmentation”.



Therefore, the set of tasks prior to reading the news met the aims of expressing students’ ideas as well as bringing students closer to the content we wanted to discuss.




5.2. Outputs of the MBI Approach Regarding the Effects of Global Warming on Coral Reefs


When students were asked to draw the effect of the temperature rise on coral reefs after reading the news (T9), a total of five types of responses provided by students were found. The most frequent argument was that coral, by increasing the temperature of the water by one degree, decrease in size and blanch (Figure 2).



Other responses that appeared quite frequently mentioned that the coral are uninhabited, as can be read in the news, or that the coral are losing pieces. Notably, two students showed that the increase in temperature does not adversely affect the coral and that it continues to grow. Finally, the group which included the student who said at the beginning that coral are living beings showed an interpretation of the entire news at this point (Figure 3), having arrived at the construction of the model.



The following tasks were aimed at gathering different evidence which justifies that coral are living beings, besides helping students with solving task T14. At this point, no group showed problems to justify that coral belong to the animal kingdom.



Task T15 asked students to provide an explanatory model of the effect of the increase in water temperature on coral, caused by GW. Although most of the students (36 students, 76.6%) reached the conclusion without problems, as exemplified in Figure 4, there was one group (4 students, 8.5%) who presented certain difficulties in recognizing the symbiotic relationship between coral and algae; since they provided an incomplete explanatory model, referring, in a very general way, to the fact that coral could not perform their vital functions when ocean temperature increases.



Eventually, even before questions included in T16 emerged, in the discussion performed in a large group, the need to stop this loss of coral reefs spontaneously arose, due to the involved effects for the rest of the marine communities which inhabit them, as well as the effects on economic activities such as fishing and even tourism. The vast majority of students called for governmental interventions and rules to reduce these threats on coral reefs beyond more individual actions related to reduce our greenhouse gas emissions.




5.3. The Effectiveness of the Sequence Based on the Students’ Perception of What They Learned and Felt


Regarding the students’ perceptions about what they learned and felt during the implementation of the sequence, they showed an understanding of it, including the news, as well as active participation, implication, and motivation. Furthermore, after putting the sequence into practice, the students were asked to fill out a KPSI questionnaire [33,88] in which they showed the degree of knowledge they believed they had in each of the aspects or key items of the sequence, before and after it, on a scale of 1 to 5 (Table 5), as well as the emotions felt during the process. According to their responses, students perceived that they learned since the degree of knowledge they consider to have after developing the sequence was greater in all questions (Table 5). Although a high degree of knowledge that students considered to have before carrying out the sequence is highlighted, this may reflect that this sequence is contextualized, since it is not a foreign content for them. Particularly, the two items which show the least difference (it means, those for which students recognize lesser learning, since they already knew it before the sequence) were those referred to the self-perception that coral are living beings (M6) and that coral perform vital functions, like all living things (M9).



On the contrary, the highest difference—or the greatest recognition of what the sequence has taught to them—occurred when they addressed the fact that coral are animals (M7), followed by the perceived knowledge about the effect of temperature in coral bleaching (M10) and the prediction of the internal composition of a coral (from what’s inside, M4). Another item with a high recognition between what they knew before and after the sequence was related to the prediction of the effect on coral of the increase in water temperature (M5), which highlights the importance of addressing the bleaching of coral reefs as an indicator of global warming.



As shown in Table 5, there were statistically significant differences between what students perceived they knew before and after the implementation of the sequence in all the analyzed key items. Moreover, there were significant correlations between their responses before and after in all key items, except M7 and M10. The correlation coefficients provide a valuable interpretation of these key items where higher increases were perceived (M7 and M10, 0.17 and 0.26 respectively). Likewise, despite the differences in the mean values for M5 and M8 (0.72 and 0.67 respectively), their high correlation coefficients may indicate that previous high scores lead to high after scores (and low before scores with low after ones).



Regarding the emotions felt, students selected mostly emotions such as concentration and interest, which were marked in every item by 100% of students, followed by satisfaction (55%) and confidence (45.5%), as shown in Figure 5. Moreover, in order to know the results related to each emotion in detail, we identified how many students reported each of them in the eleven key items. These results are shown in Figure 6, appearing in greenish tones for the positive emotions, such as concentration, interest, confidence, and satisfaction, as opposed to the negative emotions, represented by reddish-orange tones.



Figure 6 shows that the items with the most positive emotions (greenish colors) coincide with minds-on items (M1, M7, and M9). This fact, added to that M6 and M7 are the items of the sequence which less negative emotions received, makes us think that it generated confidence, interest, and concentration to know that they identified coral as living beings (M6), for their vital functions (M9) and to learn (greater jump in Table 5) that they were animals and not plants as they initially thought. In addition, it should be noted that M10 (when students address that the increase in sea water temperature kill the coral, since the symbiotic algae leave) was the item that aroused more interest.



On the other hand, insecurity was scarce albeit continuous along the sequence, except in M6 and M9, while M4 and M5 received higher scores of negative emotions. These might point that both predictions (of the internal composition of coral and the effects of the increase in sea water temperature on coral) were the items where students felt worse, which coincides with their low self-perception of what they knew after the sequence (Table 5).



Items related to scientific news (M2—read the news and M8—search for evidence) were the items where students acknowledged having had greater concentration. The highest value of satisfaction was being able to relate the subject of biology with scientific news (M3) followed by M11 (we must stop global warming).





6. Discussion and Educative Implications


Global warming is a significant issue for students as future voters and decision makers [71]. Thence, we claim the need to design appropriate learning experiences, in which pre-existing conceptions play a crucial role in active knowledge construction. It has been considered “essential that climate education be based on a scientific understanding of socio-ecological systems”, such as coral reefs [8] (p. 366) which are recognized as an appropriate example of complex SESs, and which agglutinate numerous alternative conceptions, as shown in Section 3.2.



In this vein, reference [5] highlighted the importance of certain characteristics of educational instruction, such as addressing alternative conceptions and engaging students in scientific discourse, to facilitate their understanding of complex, controversial, and multifaceted socio-scientific issues such as global warming. Thus, the didactic use of these kind of controversies in the classrooms, as well as the use of related news, might promote, not only the use of scientific knowledge to give answers to real problems, but also the development of critical thinking and active participation by students [22,25]. Likewise, instruction based on these kind of controversies has been recognized as an effective way for students to contextualize the learning of science within complex social and ecological issues [12].



To do this, an MBI teaching approach was shown to be a very appropriate way for “students to leverage their existing knowledge and their investigative skills to find and internalize new knowledge and solutions” to formulated questions, and for applying these learnings to an increasingly complex world [90] (p. 20). In this sense, an MBI approach tries to involve students in scientifically oriented questions and formulate explanations based on argumentation and evidence collection [19].



Taking all this into account, we decided to address a socio-ecological controversy in a classroom, following the model-based inquiry approach [14,36]. Thus, starting from a news article about the effects of GW on a real socio-ecological system, the Great Barrier Reef, the proposal looked to contradict certain students’ alternative conceptions and to make them progress in the construction of the required content for the understanding of the bleaching of the reef, as an indicator of GW. Thus, we aimed to contribute to raising students’ awareness of this problem.



For this purpose, a specific MBI instructional sequence consisting of 17 tasks was designed, based on the alternative conceptions of students described in the literature review and focused on the search for scientific evidence [14].



Results showed that the implementation of the sequence allowed students to mobilize their conceptions about coral reefs and symbiotic relationships. In particular, although some of the participants maintained that the rigid or calcareous parts are not alive due to their resemblance to inert matter criteria, students finally recognized that coral are living beings, basing their answers on the fact that coral perform the three vital functions. The search for criteria to classify coral as living beings promoted a key aspect in the process of constructing scientific knowledge: the consideration of evidence [91].



Likewise, the implementation of the sequence seemed to favor the development of scientific knowledge about the consequences of GW on the reefs. As shown in Section 5, students frequently argued that coral decrease in size and blanch when sea water temperature rises. Even one of the working groups was able to show a detailed interpretation of the phenomenon of reef bleaching, reaching the construction of the model. On the other hand, there were two students who did not progress as expected, since they maintained certain difficulties in recognizing the symbiotic relationship between coral and algae and they affirmed that the increase in temperature did not adversely affect the coral. Therefore, they still provided an incomplete explanatory model.



Moreover, the sequence could be considered effective, according to the students’ self-perception about what they have learned and felt, analyzed by means of a KPSI questionnaire. Among the most experienced emotions, students showed concentration and interest (both selected by 100% of students), followed by satisfaction and confidence (Figure 5), whereas insecurity, boredom, dissatisfaction, and rejection were experienced less.



Although undervalued in many works that assess the effectiveness of educational interventions, numerous authors in science education have highlighted the importance of emotions in learning [33,88,92]. According to reference [93] (p. 241), there is evidence “that positive emotions and enjoyment from learning science play a significant role in the learning outcomes and serve as a driving force for self-learning, and retaining knowledge”.



On the other hand, numerous research papers have pointed out the existing gap between research and practice [94], since results from research are not transferred to actual teaching practice. In this regard, authors of [95] have pointed out some obstacles, such as those related to its scarce generalization (particular contexts of application) or the lack of sharing design or common theoretical frameworks. In order to—modestly—contribute to reducing this gap, in this work we shared the entire information used for the design and implementation of the sequence, in order to facilitate its reproduction in other contexts.



One of the weaknesses of our instructional sequence about coral reefs was related to the design for searching for evidence, which should have been provided by the students; nevertheless, for reasons related to the lack of time during implementation, in this case, it was designed by the teacher. Future works should address this weakness, assigning the students to design the procedures for the search for evidence.



In this work, students were able to explain the effects of the GW on coral reefs, even mentioning the negative impacts on other marine organisms related to the reefs, as well as socio-economic effects of their loss on fisheries and tourism. Nonetheless, according to numerous authors, this improvement on their knowledge of natural phenomena and humans’ impact on the environment is not enough to increase their individual responsibility and to act sustainably [96,97]. In this regard, our results are in line with those reported by references [10,98], in which, despite the progression of the knowledge that students showed about the causes and consequences of different socio-ecological problems, there still exist important barriers to achieve the generation of commitments and changes towards individual pro-environmental behaviors; in other words, it does not directly mean that this progression could be translated into real individual actions. Reference [10] also concluded that students show some difficulties to recognize the social and economic dimensions of socio-ecological problems. Therefore, future uses of the sequence described here should emphasize the socio-economic importance of coral reefs, as well as the impacts of our individual and local actions on global and, sometimes, distant socio-ecological systems, since intentions of taking pro-environmental action may be activated “when students believe that things they value are in danger” [99] (p. 4).



Finally, we encourage readers to replicate or improve this proposal because, with this, we will help reduce the gap between didactic research and teaching practice.







Author Contributions


M.R.J.-L. and M.G.-H. had the original idea, implemented the sequence, collected the data, and contributed to the writing of the paper. I.B.-G. wrote and edited the paper and prepared the discussion. All authors have read and agreed to the published version of the manuscript.




Funding


This paper is partially funded by MINECO (with FEDER funds, EDU2017-82197-P), and Ministerio de Ciencia, Innovación y Universidades (PRX19/00364) of the Government of Spain.




Conflicts of Interest


The authors declare no conflict of interest, and the funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.





Appendix A


Knowledge and Prior Study Inventory (KPSI) approach to self-regulate learning.
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Table A1. Task 17. Value on a scale of 1 to 5 what you have learned about each of the following items, where 1: I know nothing, 2: I know a little, 3: I know it, 4: I know it very well, 5: I know it and I could explain it to my classmates.






Table A1. Task 17. Value on a scale of 1 to 5 what you have learned about each of the following items, where 1: I know nothing, 2: I know a little, 3: I know it, 4: I know it very well, 5: I know it and I could explain it to my classmates.











	Before the Sequence

(1, 2, 3, 4, 5)
	Knowledge About…
	After the Sequence

(1, 2, 3, 4, 5)
	Emotions Felt in Each of the Following Aspects

Indicate How You Felt While You were Carrying Out Each Process and the Reason Why You Have Felt It or Them





	
	Differentiation between living and non-living matter
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Scientific news understanding
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Relate the subject of biology with scientific news
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Predict the internal composition of coral
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Predict the effects of temperature rise
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Coral are living beings
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Coral are animals
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Search for evidence to prove that coral are animals
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Living beings perform the three vital functions
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	Temperature rise kills coral
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…



	
	We must stop global warming
	
	😒Rejection, 🤔Concentration, 😥Insecurity, 😍Interest, 😴Boredom

😉Confidence, 😊Satisfaction, 😞Dissatisfaction, 😳Embarrassment

Because…
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Figure 1. Images that accompany Block 1, from left to right and from top to bottom: coral, mussels, stones, and a seahorse. Retrieved from www.hdfondos.eu/, www.zonadigitalonline.com/, https://www.dicoro.com/, http://www.abih-pe.com.br/, respectively. 
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Figure 2. Example of majority responses to task T9. 
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Figure 3. Example of one student’s response to task T9. 
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Figure 4. Example of response to task T15. 
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Figure 5. Frequency of students who have experienced each emotion along the sequence. 
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Figure 6. Frequencies of emotions felt by students for each item of the sequence. 
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Table 1. Block 1 of tasks: Expression of personal ideas.
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Tasks

	
Model-Based Inquiry (MBI) Stage






	
T1. Name the following images and determine if each of them shows a living or non-living being (Figure 1).

	
Expression of personal ideas. Express/use initial models




	
T2. In the previous images, point out where there are plants and why you know they are plants. (In case they answer that with “photosynthesis”, teacher asks, “How do you know they do photosynthesis?”).




	
T3. Many of you have chosen that the mussel is a living being and others say no, how would you convince your colleagues that they are wrong?




	
T4. Does photo 1 (top left of Figure 1) show a living being? How do you know? What criteria do you have to justify it?
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Table 2. Block 2 of tasks: Contextualization and appropriation of the object of inquiry by means of the news.






Table 2. Block 2 of tasks: Contextualization and appropriation of the object of inquiry by means of the news.





	
Tasks

	
MBI Stage of the Inquiry






	
T5. Read the news and explain what it is about.

	
Contextualization and appropriation of the object of MBI.




	
T6. Why do you think we are going to work on this news in the biology and geology subject?




	
T7. Write everything you know about coral.

	
Recognize the need for a model




	
T8. Read the news The Great Barrier Reef is threatened by global warming (Retrieved from https://mx.blastingnews.com/)
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Table 3. Block 3 of tasks: Searching for evidence and building the explicative model.
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Tasks

	
MBI Stage






	
T9. The news indicates that the coral is disappearing due to the increase in sea water temperature. Draw how you imagine a coral looks and how you think the increase in temperature affects it.

(Table proposed to students in task T9 of the sequence):

 [image: Sustainability 12 04676 i001]

	
Search for answers based on previous ideas and justification

Express/use initial model




	
T10. The news says: “Global warming is a great threat to the coral due to the increase in water temperature and it expels the algae that grow inside them. This destroys their main source of energy”, that is, their food. Does it coincide with what you have drawn before? What does this information about coral give you?

	
Search for evidence

Test the initial model




	
T11. How do coral feed? Do they perform other vital functions? What evidence do we have?




	
T12. Do coral reproduce? How? What evidence do we have?




	
T13. Do they breathe? What evidence do we have?




	
T14. We already have proof that coral are living things. But do you think they are animals or plants? What evidence do we use to find it out?




	
T15. It seems that we are ready to understand the news, so what do you think could be happening to coral when the sea water increases a degree?

	
Come to and communicate conclusions

Express final model




	
T16. Once you know what is happening to coral reefs, answer these two questions: Why is conserving coral reefs important? What can we do to reduce coral bleaching?

	
Transfer to other contexts–news
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Table 4. Justifications provided by the students to answer task T4. Responses are displayed in decreasing order of appearance.
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	Coral Are Living Beings Because…





	They perform the 3 vital functions (43.75%)



	Fish inhabit in them and feed on them (12.5%)



	It is marine vegetation (12.5%)



	They carry out photosynthesis (10.42%)



	They breathe because they release bubbles (6.25%)



	Algae and coral are plants that make their own food (4.17%)



	Because they cannot live without light (4.17%)



	Because it appears in the biology book (2.08%)



	They are colorful and they are inside the sea (2.08%)



	They feed on plankton (2.08%)
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Table 5. Students’ perception of what they have learned (where ‘Sig’ means the significance level and ‘*’ when this level is <0.05).
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Key Items 1

	
BEFORE

	
AFTER

	
DIF.

	
Bilateral Significance

	
Correlation

Before–After




	
Mean

	
SD

	
Mean

	
SD

	

	
T

	
Y/N

	
Coeff

	
T (Sig *)






	
M1

	
3.66

	
1.01

	
4.62

	
0.56

	
0.96

	
0.000

	
Yes

	
0.79

	
0.000 *




	
M2

	
2.62

	
1.27

	
3.86

	
0.88

	
1.24

	
0.000

	
Yes

	
0.77

	
0.000 *




	
M3

	
3.03

	
1.15

	
4.03

	
0.91

	
1

	
0.000

	
Yes

	
0.80

	
0.000 *




	
M4

	
1.86

	
1.13

	
3.52

	
1.15

	
1.66

	
0.000

	
Yes

	
0.41

	
0.026 *




	
M5

	
2.41

	
1.18

	
4.00

	
0.96

	
1.59

	
0.000

	
Yes

	
0.72

	
0.000 *




	
M6

	
3.97

	
1.27

	
4.76

	
0.44

	
0.79

	
0.000

	
Yes

	
0.58

	
0.001 *




	
M7

	
2.55

	
1.45

	
4.72

	
0.53

	
2.17

	
0.000

	
Yes

	
0.17

	
0.38




	
M8

	
2.59

	
1.05

	
4.10

	
0.94

	
1.51

	
0.000

	
Yes

	
0.67

	
0.000 *




	
M9

	
4.00

	
1.28

	
4.59

	
0.87

	
0.59

	
0.001

	
Yes

	
0.70

	
0.000 *




	
M10

	
2.21

	
1.15

	
4.21

	
0.90

	
2

	
0.000

	
Yes

	
0.26

	
0.174




	
M11

	
3.55

	
1.24

	
4.45

	
0.87

	
0.9

	
0.000

	
Yes

	
0.62

	
0.000 *








1 where, M1: Differentiation between living and non-living matter; M2: Scientific news understanding; M3: Relate the subject of biology with scientific news; M4: Predict the internal composition of coral; M5: Predict the effects of temperature rise; M6: Coral are living beings; M7: Coral are animals; M8: Search for evidence to prove that coral are animals; M9: Living beings perform the three vital functions; M10: Temperature rise kills coral; M11: We must stop global warming.
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