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Abstract

:

Virtual reality (VR) and augmented reality (AR) are emerging technologies with a variety of potential benefits for sustainability education. Here, learning processes such as flow and presence seem to determine the learning experience. Therefore, this paper presents the results of a mixed-methods study investigating a VR- and AR-based learning application on biodiversity developed by greenpeace. A total of 156 students tested the application addressing the Amazon rainforest and rated its efficacy in terms of effects on knowledge, interest, and attitude. Pre- and post-questionnaires as well as focus groups were used to uncover within-subject effects. The study results revealed that flow and presence had a moderating effect on knowledge and that this effect is strongest in learners with little prior knowledge. Presence also showed a moderating effect on one of three attitude measures. In general, the learning application was able to increase knowledge and improve attitude in this sample. The focus groups also revealed that the students engaged with environmental topics even after the experience. They also formed ideas for more environmentally friendly behavioral change. Moreover, the students described the application as impressive, captivating, and realistic. It can be concluded that presence and flow are crucial processes for learning with VR and AR technologies.
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1. Introduction


Virtual and augmented reality (VR/AR) technologies have increasingly gained attention in educational settings over the recent years. They are expected to be widely used in classrooms, but investigation of their educational potential has only just begun [1,2,3]. However, the nomenclature surrounding VR and AR technologies is somewhat disputed. On one hand, VR and AR could be viewed as end points on the same spectrum, where the distinguishing feature is the degree of immersion [4]. On the other hand, AR and VR could be construed as two different qualities of experience, where AR applications address a form of physical presence augmented by virtual features while VR aims at a form of telepresence, or feeling present within the virtual space [5]. Hence, Rauschnabel et al. [5] use the umbrella term xReality or XR to describe both AR and VR technologies, where the X denotes a placeholder. Here, it is not appropriate to equate XR with extended reality [6]. In this paper, the term XR will be utilized to describe an application that incorporates both AR and VR elements.



The learning application investigated in this study is called On Biodiversity’s Tracks. It is a virtual XR environment developed by greenpeace, a non-profit organization that is active in the field of environmentalism. It allows students to visit places like the Great Barrier Reef or the Amazon rainforest to learn about the people, animals, and environment there. The goal of the greenpeace XR application is to foster knowledge on environmental sustainability and biodiversity while also increasing students’ interest and possibly leading to a more positive attitude towards the environment and sustainable behavior [7]. The general effectiveness of the XR application concerning knowledge, interest, and attitude is reported in another paper [8]. This paper focuses on examining the learning processes that occur during the exploration of the application (e.g., experiencing presence in a virtual world) and their moderating effects. A mixed-methods approach is implemented to make use of the advantages of both quantitative and qualitative data analysis. Overall, this study serves to deepen our understanding of how the learning processes of presence and flow that take place when learning with XR, affect knowledge, interest, and attitude, all while evaluating a ready-made XR application for classroom use. This is important because educational XR applications, especially those in the German language, are relatively sparse [9].




2. Literature Review


2.1. Classification of VR/AR Technology


VR is understood as a computer-generated simulation that is three-dimensional (3D), multisensory, and interactive. The user can inhabit and act within an external environment [10,11]. VR enables unique learning scenarios, as simulations allow students to act as if they were in a real environment while interacting with otherwise intangible or inaccessible objects [12,13]. VR provides users with the experience of a different world that may otherwise be too dangerous, expensive, or impossible in the real world [14,15]. AR, in contrast, is used to enhance and enrich the real-world learning experience. It involves overlaying digital information, such as images, videos, 3D models, or text, onto the real-world environment to provide users with additional context, interactivity, and engagement [16].



In everyday language, the terms VR and AR are often used as umbrella-terms including a variety of heterogenous technologies [17,18]. Thus, VR and AR are presented to users through different technological approaches and devices, each offering distinct experiences. Whereas head-mounted displays (HMDs) completely immerse users in a computer-generated virtual world by covering their field of vision with screens [19], mobile devices’ cameras are commonly used for AR learning scenarios by embedding digital content into the real world [20]. Further technologies are also utilized, for example HoloLens for AR, and various mobile devices (e.g., tablets) for VR. It has been demonstrated that many researchers face challenges when categorizing the technology they utilize. In many cases, a distinction is also made between immersive technologies (e.g., HMDs) and non-immersive technologies (e.g., tablets). However, often, a single technology combines features of both AR and VR [1], as is the case for the application investigated in the present study. Rauschnabel et al. provide a suitable alternative by introducing the term XR, with the X serving as a placeholder [5]. In this context, XR is not to be equated with extended reality [6,21] but is rather used in this paper to denote a single application comprising multiple VR and AR elements.




2.2. Learning with VR/AR


VR and AR technologies are considered to have great potential for designing teaching and learning scenarios. They open a range of multifaceted applications for schools, universities, and other educational institutions [1,2,3,22]. The Cognitive Affective Model of Immersive Learning (CAMIL) addresses two facets of immersion that improve learning through XR technology: agency and presence [23]. A higher degree of interactivity as well as the feeling of actually being in the virtual environment and interacting with seemingly real social agents are beneficial for the learning process, especially for procedural learning [23,24].



In recent years, there has been increasing effort to make use of the multiple possibilities of VR and AR to enhance and diversify learning processes in educational settings. In this context, the unique characteristics of VR and AR have been associated with several learning affordances such as improved spatial knowledge representation, enhanced empathy, increased motivation and student engagement, higher contextualization of learning, and experiential learning scenarios [14,25]. Thus, VR and AR are particularly relevant for learning content that cannot easily be studied in a traditional classroom setting [26,27], such as exploring the universe and planetary constellations or visiting the Amazon rainforest, which is investigated in this study.



Recently, VR and AR technologies are increasingly being used for environmental subjects, i.e., climate change or biodiversity loss, as a tool to inform and engage the public with current and future environmental issues [28,29]. The potential to influence the affective experience through VR or AR appears promising. According to Mayer and Frantz [30], a feeling of connectedness to nature leads to a stronger concern for nature and can invoke tangible actions such as pro-environmental behavior. VR and AR technologies can indeed evoke such feelings of connectedness. They offer increasing engagement and provide interactive, action-oriented, affective, and empathetic experiences [16]. Individuals can take on someone else’s perspective, get interactively involved, see consequences, foresee future climate change scenarios, and experience sensory stimulations that can have a strong impact on affections [31]. However, there are still only limited numbers of VR and AR learning applications dealing with sustainability topics. Valid research results for the use of these applications in the various fields of the Sustainable Development Goals (SDGs) are still in early stages [32].




2.3. Determinants of VR/AR Learning


With VR and AR technologies becoming increasingly prevalent and popular in classroom use—outside of sustainability education—several determinants of successful learning in VR and AR have already been examined. Ease of use seems to be one relevant factor, since many students find VR and AR technologies difficult to use [33,34]. Prior experiences with the technology and amount of practice also influence learning outcomes [35]. With these determining factors set, finding more relevant correlating variables could enhance our understanding of VR and AR learning even further. Specifically, exploring moderating factors could help explain how the affording mechanisms of technology, agency, and presence [23] influence learning.



Multiple previous studies present possible moderators. Johnson–Glenberg et al. [36] outline embodiment, collaboration, presence, and possibly novelty as key contributing factors. In addition, the experience of flow seems to be correlated with the success of a VR learning activity [37,38]. According to Zhang et al. [35], discipline plays an additional role, with overall large effect sizes for science, language, and health and medicine, and insignificant effect sizes for engineering. In that study, grade level, input as well as output devices, and pedagogy and instructional function did not play a role as moderators. In contrast, usability seems to be another relevant factor for feeling present in VR and AR applications [39]. In addition, it should be noted that contextual variables (e.g., the prior knowledge, prior interest, and prior attitude of users) may also have an influence on the learning outcomes [40].




2.4. Experiencing Presence and Flow in VR/AR


Presence has frequently been named as one of the underlying affordances of VR and AR technologies [23,40,41,42]. It is often understood as the feeling of being there, captured in three dimensions: Social presence describes the feeling of interacting with actual people, or with digital agents seeming real [43,44]. Physical presence refers to the sensation of being spatially inside the virtual environment, whereas self-presence refers to the feeling of being represented or the avatar feeling representative of oneself inside the virtual landscape [43,44]. Typically, 3D applications are associated with higher physical and social presence than 2D environments, while physical presence is frequently perceived stronger than social presence [45,46]. Given that the greenpeace XR application does not use player avatars, self-presence will not be examined further in this paper.



Generally, some research results suggest that presence influences learning in virtual environments. However, opposite research findings are detectable. Whereas some results indicate that the experience of presence has a positive effect on the learning outcomes to the extent that a higher level of presence experience requires a stronger focus of attention on learning-relevant stimuli [47,48], Makransky et al. [49] found a negative correlation between learning and presence experience. The authors concluded that higher presence could lead to distraction by many irrelevant details or high arousal.



Flow experience has also been associated with VR and AR learning technologies [50]. Flow is often characterized by perceiving an activity as highly satisfying, with a minimal or even complete absence of a sense of separation between the individual and the activity itself [51]. During such experiences, the actions become almost automated, leading to more efficient and faster performance. Another notable aspect of the flow state is the subjective loss of awareness of time passing [50]. Rheinberg and colleagues have conceptualized flow as a multidimensional construct, consisting of two key facets: absorbedness and smooth automated progression. The former represents complete engagement in an activity, while the latter refers to the seamless flow of consecutive actions [52].



In general, there remains a limited body of empirical research on the relationship between flow experiences in VR and AR and various learning parameters. The present study aims to contribute to the understanding of this relationship.



In game-based learning, engagement was linked to presence and flow, and had a positive effect on learning [53]. Kye and Kim [54] also found that presence and flow positively impact student satisfaction and learning outcomes. Likewise, in a game-based study, Janssen et al. [55] assumed that greater feelings of presence in VR leads to better user experiences and affords student interaction with the virtual environment. In their exploratory experiment, flow correlated positively with presence.



Overall, presence and flow seem to be related to a positive game experience, and by extension, to better task performance [55].



Our literature review found that utilizing VR and AR technology in learning environments usually increases learning achievement [33,34,56,57]. However, within this paper, we do not aim to investigate the effectiveness of the XR learning application itself. Rather, we seek to understand the underlying mechanisms. The literature suggests that certain characteristics of VR and AR lead to a stronger perception of presence and flow, which in turn influences learning outcomes. Therefore, this study attempts to explore determinants of learning using an XR learning application focused on sustainability topics (i.e., biodiversity in the Amazon rainforest).





3. Hypotheses and Key Questions


There is a growing body of research suggesting that basic comparisons between different types of media are neither methodologically nor substantially sound. Buchner and Kerres [58] as well as Mulders [40] pointed out that bare media comparisons between experimental and control groups neglect pedagogical idiosyncrasies of each of the respective mediums. Apart from that, the comparability of different media that provide different affordances is generally questionable [40]. For these reasons, the present study aims at expanding the common media comparison model by illuminating the mechanisms behind the effects. Specifically, flow and presence are being investigated as possible moderators [39,54,55] affecting change in knowledge, interest, and attitude [14,23,41]. To examine these effects, data were obtained from both a quantitative and a qualitative study.



We quantitatively examine the moderating effects of flow (Hypotheses 1) and presence (Hypotheses 2) on learning outcomes and test the following assumptions:



H1a. 

A higher perception of flow positively influences knowledge gained.





H1b. 

A higher perception of flow positively influences interest gained.





H1c. 

A higher perception of flow positively influences attitude improved.





H2a. 

A higher perception of presence positively influences knowledge gained.





H2b. 

A higher perception of presence positively influences interest gained.





H2c. 

A higher perception of presence positively influences attitude improved.





In these instances, knowledge is to be understood as the self-ascribed degree of declarative knowledge on the subject. Interest describes interest elicited by the presented topic, or topic interest [59]. Attitude is defined as the degree to which a person finds a psychological object favorable or unfavorable [60].



In addition to hypotheses testing, we will delve deeper into the relationships between flow, presence, and potential additional moderators through a qualitative investigation. We will examine the following key questions:




	Q1:

	
To what degree did the students perceive long-term effects regarding their knowledge on, interest in, and attitude towards the Amazon rainforest?




	Q2:

	
Which cognitive and/or affective processes did the students experience while learning with the XR application?










4. Materials and Methods


4.1. The Greenpeace XR Application


The greenpeace XR learning application On Biodiversity’s Tracks was developed by greenpeace, a transnational non-profit organization whose goals include environmental and climate protection. The application was developed for several mobile devices and has not yet been evaluated scientifically. It is a web-based solution, meaning students do not need to download the application and give up personal data, and is accompanied by Supplementary Materials providing technical and instructional guidance. The application is designed for supervised use in classrooms for students in grades seven to nine. Its purpose is to convey knowledge and emphasize the importance of SDGs. After scanning a QR code with a mobile device (e.g., tablet), students can virtually travel to various locations around the globe, which would have been challenging to experience in a typical classroom setting. The app consists of a combination of AR and VR elements. At the beginning, reality is augmented through the camera lens of the mobile device with a 3D model of a globe, which is used to pick a destination. Subsequently, these travel destinations (e.g., Great Barrier Reef, Amazon rainforest) are exclusively presented virtually on the screens of the devices. This study primarily focuses on one of the travel destinations of the greenpeace XR application, namely the virtual representation of the Amazon rainforest. This virtual world is characterized by auditory elements (e.g., rainforest sounds) and visual content (e.g., intact vs. non-intact rainforest) and can be freely explored by students. Information about the rainforest’s reality is integrated within the environment. Various interactions with virtual agents (e.g., native animals such as ants) are possible. Figure 1 provides an overview.




4.2. Design and Participants


Our mixed-methods study examined the influence of the greenpeace XR application on its ability to foster students’ knowledge, interest, and attitude regarding sustainability and biodiversity. Special attention has been paid to presence and flow as moderating factors.



The greenpeace XR application was used in a standard lesson at eight German secondary education facilities. For the quantitative part of the study, online questionnaires were administered directly before and after the lesson. For the qualitative portion, focus groups with students were conducted, to gain insight into their experiences during the XR application use.



Teachers as well as parents and students received information about the experiment, giving parents the option to opt their children out of the study. Datasets of 274 students were usable. Out of those, 159 completed the experimental XR condition. After checking for outliers, three participants were determined to have used patterns for answering their posttest questionnaires and were removed, leaving a final sample of 156 participants. Students were roughly 13 years old on average (M = 13.30; SD = 1.02). Over half identified as male (61.3%), with 37.4% identifying as female and 1.3% identifying as non-binary. One of the participating schools was an all-boys school, leading to a higher proportion of male students in this sample. For the eight focus groups, a total of 84 out of the 156 students participated. Group size varied widely between 2 participants for the smallest and 25 for the largest group (M = 10.5, Md = 9). While the quantitative portion of this study was conducted during and as a part of the regularly scheduled classes, the focus groups were opt-in and (depending on the school) had to take place outside of regular lessons, leading to lower participation and a higher deviation in group sizes.




4.3. Procedure


After receiving confirmation from eight secondary schools in Germany, detailed information about the study was sent to the teachers and parents of the students in January 2023 requesting their parental agreement (see Supplementary Materials). Subsequently, teachers started implementing the greenpeace XR application no longer than two weeks after a briefing on 15 February 2023. Participation in the study was voluntary for the students. During the lesson (held in the 90 min time slots that are standard in German secondary schools), teachers introduced the lesson on the topic of sustainable development before the students tested the application on their own mobile devices with a focus on the Amazon rainforest topic. Before and after exploring the app, the students individually filled out online questionnaires. The questionnaires were created using Sosci Survey. The anonymity of the students was ensured through participant codes, and the data cannot be traced back to individual students. At the end of the lesson, the students discussed the experience under the guidance of their teacher. Within two weeks after the lessons, students from the sample who volunteered to participate in the focus groups were sent a link to an online meeting via Zoom. Students were greeted by a moderator and two transcribers. Teachers were absent. The focus groups did not exceed 60 min in duration. The focus groups followed an interview guide tailored to the key questions and were divided into blocks (e.g., experiencing presence). Each focus group was visually supported through a miro board. A screenshot of the miro board slides can be found in the Supplementary Materials online. The final interview was conducted on 27 March 2023. The audios of the focus groups were recorded; transcripts without the names of the students, schools, etc., were created; and subsequently, the audio files were deleted. The qualitative data material was examined according to the focused content analysis [61,62]. To form categories, we used a mixed form of inductive–deductive coding. Based on our hypotheses, we pre-formed categories for flow and presence and further divided them into subcategories according to their facets (e.g., physical presence). The interview guide was aligned with these pre-formed categories but also included many open-ended questions. New categories and subcategories were derived from the responses to the open-ended questions. Subsequently, the frequencies of categories and the relations to one another were analyzed. The qualitative data material was coded by a project team member, frequencies were counted, and quotes were extracted. The project leader coded the same material randomly to ensure data reliability. The analysis of qualitative data, based on derived categories and quotations, is intended to provide initial insights into how the two key questions can be answered.




4.4. Instruments


The online questionnaire was developed by the project team. Where possible, we used already validated questionnaires. Preliminary versions of the questionnaires were tested with seven students. Following that, some of the items were adapted for legibility and easier-to-understand language. In total, the pre- and the post- questionnaire included one item for self-appraised knowledge (“How substantial would you rate your knowledge on the Amazon rainforest?”), two items for interest (e.g., “To what degree are you interested in the Amazon rainforest?”) and three items for general attitudes towards the development in the Amazon rainforest (e.g., “To what degree do you think that the situation in the Amazon rainforest affects us and our environment in Europe?”). Since these are newly formulated items by us, we checked their validity in several discussions with experts from greenpeace and asked the seven students who tested the preliminary version how they understood the items. Minor linguistic adjustments were made. To further assess attitude, the six items of the Green Scale [63,64] (e.g., “My purchase habits are affected by my concern for our environment.”) as well as the ten items of the scale for Common Attitudes Towards Environmental Protection and Sustainable Development (Environmental Protection Scale, EPS, [65,66]; e.g., “I am concerned when I think about the environmental and social conditions under which we and future generations will likely have to live.”) were included. Flow was measured with the ten Flow Short Scale (FSS) items [67,68] (e.g., “I had no difficulty concentrating.”). Sense of presence was measured with a translation [46] of the physical presence (e.g., “The virtual environment seemed real to me.”) and social presence (e.g., “I had a sense that I was interacting with other people in the virtual environment, rather than a computer simulation.”) subscales (five items each) of the Multimodal Presence Scale (MPS, [69]). Knowledge, green consumer values, environmental protection attitude, and presence were measured on 5-point Likert-scales, while interest, general attitude, and flow were measured on 7-point Likert-scales. Furthermore, demographic data (here gender and age) of the students were collected. For the quantitative data analysis, a Python [70] script was created for data cleaning, while the data analysis was conducted in R version 4.2.2 [71], specifically using parts of the R packages car [72], careless [73], DescTools [74], interactions [75], lsr [76], moments [77], and psych [78].



For the focus groups, methodology was shifted from a quantitative to more of a qualitative approach. Students were asked about their opinions on and perception of learning through the XR application. Interviewers roughly followed manuals that included questions on knowledge retention, interest, attitudes, and sense of presence.



All questionnaires as well as the manual for the teachers and an interview guide for the focus groups can be found in the Supplementary Materials online.





5. Results


5.1. Quantitative Data Analysis


The presentation of the statistical analyses of the data from the online questionnaires is divided into three main sections. First, descriptive statistics are reported. This includes internal consistencies, means, standard deviations, and missing values of the items or scales. Before the moderating effects of the learning process variables are inferentially tested, Pearson correlations between the learning processes and the learning objectives are provided in the second section. Finally, several moderator analyses testing hypotheses one and two can be found in the third section.



5.1.1. Descriptive Statistics


Table 1 shows overall good reliability for the moderator scales, with Cronbach’s α consistently above 0.80 [79]. In Table 2 means, standard deviations, and missing values for all key variables are presented. There were slight increases in knowledge and general attitude from the pre- to the post- measurement point, whereas interest, green consumer values and attitudes toward environmental protection remained roughly the same. Values for the Green Scale and EPS were considerably lower than they were for the norm samples in their respective studies [63,66]. For the Green Scale, this might be due to the comparably younger age of the students in the present study, where consumer values are possibly not as developed yet. Meanwhile, the original sample for the EPS consisted of teachers, who are generally considered very environmentally conscious [66]. Flow among the students in the present study was comparable to mid-lecture students in the norm sample [67]. Social presence was comparable to the German language norm sample, while physical presence seemed lower in the present sample [46]. Lower social than physical presence is congruent with previous findings [45].




5.1.2. Correlations


To check the prerequisite for moderator analysis of low multicollinearity and to gauge whether the assumptions stated above are plausible, Pearson correlations between all key variables were computed (see Table 3). No correlation above 0.80 was detected. Therefore, lack of multicollinearity can be assumed [80]. The pretest scores of all learning indicators generally showed medium to high correlations with their respective posttest scores. Flow correlated highly with presence. Upon further investigation, this correlation was significant, r = 0.565, p < 0.001. Correlations between flow, presence, and the difference between pretest and posttest scores were calculated. Table 4 shows significant correlations between flow and gain (as in, the difference between pre- and posttest) in every variable except for general attitude, which was not statistically significant. Regarding presence, the only significant correlation was found for change in knowledge.




5.1.3. Moderator Analyses


Other prerequisites for moderations analysis were also assessed. A Shapiro–Wilk test revealed no relevant deviation from normal distribution regarding error terms (see Supplementary Materials). Graphical analyses showed homoscedasticity for all dependent variables. Assuming linear regression, ten interaction models were proposed, where flow or presence moderate the relationship between a variable’s pretest and posttest score, i.e., flow moderating the relationship between pretest knowledge and posttest knowledge. Table 5 shows that all ten moderator models significantly explain variance in the dependent variable However, the interaction between the independent variable and the moderator is only significant in three cases: knowledge–flow, knowledge–presence, and EPS–presence. Pretest interest (t = 3.92, p < 0.001) and presence (t = 2.24, p = 0.027) as well as pretest general attitude (t = 3.57, p < 0.001) and flow (t = 2.15, p = 0.034) influence the posttest value in their respective models independently, without an interaction. For general attitude and the Green Scale, only the pretest score and not presence affected the dependent variable. The same is true for flow on the Green Scale and EPS. The interest–flow model showed no effect at all.



Figure 2 shows the interaction of flow and presence with knowledge, the only variable with which both moderators interacted. For both flow (Figure 2a) and presence (Figure 2b), the following applies: The higher the pretest knowledge, the less relevant were the moderating effects. Conversely, this means that flow and presence have a stronger moderating effect for individuals with little prior knowledge.



Regarding our hypotheses, based on the moderator analyses, it can be stated that these results support Hypothesis 1a (higher perception of flow positively influences knowledge gained), while Hypotheses 1b (higher perception of flow positively influences interest gained) and 1c (higher perception of flow positively influences attitude improved) are not supported. It should, however, be noted that we found significant correlations between flow and interest gain as well as between flow and gain in two of the three attitude measures.



Similarly, Hypothesis 2a (higher perception of presence positively influences knowledge gained) is supported by these findings. Hypothesis 2b (higher perception of presence positively influences interest gained) is not supported. Hypothesis 2c (higher perception of presence positively influences attitude improved) can only be partially supported, since a moderation effect could only be found for one of the three attitude measures, namely the EPS.





5.2. Qualitative Data Analysis


In addition to the quantitative data, qualitative data were collected during the focus groups. This provided us with a deeper insight into the students’ lsearning experiences. Further, it allowed us to identify additional learning-related factors beyond the moderating effects of flow and presence that we initially assumed. An exhaustive analysis of the qualitative data can be found in another paper [81]. A selection of relevant results will be presented in the following two sections along with the two key questions. Categories and the number of focus groups that mentioned each respective category (N) will be reported. There were eight focus groups in total, resulting in a maximum mention of eight.



5.2.1. Key Question 1: Learning Effects


Most of the focus groups reported that the XR application was informative and that they have learned a lot (e.g., deforestation (N = 6), structure of an anthill (N = 2)). However, the students said they were already interested in environmental topics before, but that the XR application provided the opportunity to travel to distant places and experience firsthand the threat of climate change to animal and human species. They described that the application had emotionally impacted them, and they had to think a lot about it. For example, a student from focus group 8 expressed: “[...] You always hear a bit about it in the news, what’s going on, but now through last week, where we could experience the changes in the rainforest up close ourselves, you think a lot more about it than you did before [...].”



Across all groups, it was reported that the students extensively reflected on the virtual experience in the one or two weeks following. Many students recognized the relevance of environmental protection for their own lives and those of future generations (N = 5). These reflective processes seem to persist and remain a topic of discussion within the respective classes. The engagement with the experience occurred individually, among peers, within families, and at school. Many of the students seem to have developed an awareness of environmental issues during this post-experience period. They began to form initial ideas on how they, their friends, families, and their schools can contribute to environmental protection over an extended period (N = 4). Among these ideas are (1) the purchase of sustainable food items, (2) reduction of plastic items, (3) avoidance of palm oil, and (4) reduction of printed materials in school. In summary, the XR application seems to have triggered something in the students on an affective level, especially in the days following the virtual experience. It appears that the primary focus is not so much on the increase in knowledge or heightened interest, but rather on initial changes at the level of attitudes and behaviors, similar to previous findings [82].




5.2.2. Key Question 2: Cognitive and Affective Processes


The students were asked to describe the cognitive and affective processes that took place during the virtual experience. Within the focus groups, the students reported that they felt focused, captured, and motivated while using the XR application. Additionally, they perceived the application as exciting and realistic. Learning was enjoyable for them. Furthermore, they reported that they gained a “better impression” (focus group 6) of the rainforest and the life on-site, allowing them to easily empathize with the local circumstances. One student describes it as follows: “Because you could experience it directly in the virtual world, and you could almost sneak in and feel the life, just like they actually feel there.” (focus group 4). This is somewhat in accordance with another study, where nursing students, while a major point of criticism was a lack of realism, also lauded a high degree of interactivity in the VR application used [83].



Considering the statements from all focus groups, three processes can be identified that made learning with the greenpeace XR application unique and special for all students: (1) authentic audio–visual stimulation, (2) interactions with virtual actors, and (3) physical and social presence experiences. It is noteworthy that while presence or a description of the feeling of presence were mentioned multiple times by the students, the term flow and its synonyms were not named. However, the three processes listed above were increasingly associated with the assessment of the XR learning application. When students reported on processes that occurred during their learning, an evaluation of the application often followed directly or in close temporal proximity (i.e., within two sentences). This is how one of the students attempts to summarize the experience: “[...] I think it stayed better in my memory. [...] I was apparently really on-site and could understand the life of animals and people in the Amazon rainforest more easily. [...] Even now, when I think about it, I still have all the images in my mind. For example, with the deforestation, how the boy was standing there and the single tree with the bulldozer and all that [...]” (focus group 6).






6. Discussion


6.1. Interpretation of Results


The results of the mixed-methods study reveal several implications. First, both data sets, qualitative and quantitative, showed that the greenpeace XR application can impart knowledge about biodiversity and influence environmentally relevant attitudes of the students. However, while the quantitative data revealed only few differences from the pre to post measurement points (e.g., knowledge, general attitude), students in the subsequent focus groups reported more on attitude and even behavior changes (albeit mainly for change in individual behavior as opposed to systemic change). This can be interpreted as the students not having sufficiently processed the content shortly after the lesson and using the days leading up to the focus groups to reflect on these contents alone or with others. The lack of change in interest may be explained by the students stating that they were already very interested in environmental issues before the lesson, making a further increase unlikely.



Second, correlation analyses showed several significant relationships between flow, presence, and the differences between pretest and posttest scores, congruent with a large corpus of previous research [33,34,54,55,56,57]. Many of the learning gains are particularly associated with flow. The subsequent moderator analyses revealed only a few significant interactions. The interaction of flow and presence with knowledge appears especially interesting. For both flow and presence, higher pretest knowledge seems to mitigate the effect of the moderator. In turn, this implies that flow and presence exert a more significant moderating effect on individuals with little prior knowledge.



Third, qualitative data revealed a strong relationship between learning processes (e.g., presence) and the evaluation of the application. This finding indicates optimization potential for developers. By promoting the experience of flow, presence, audio–visual stimulation, and interactions with virtual actors, the learning experience can be made more engaging to students, thus supporting learning in general. Overall, this seems to be in line with previous findings. Bodzin et al. [37] found that experiencing flow in an immersive VR game is linked to positive attitudes towards learning with VR. Focus groups also mentioned a sense of presence and interactivity as contributing factors for enjoyment, and that this form of presentation provides new perspectives [37]. Another study found that flow and presence enhanced satisfaction in VR [40]. However, those studies did not report effects on knowledge-based learning outcomes, as opposed to Tai et al., where flow predicted both the procedural accuracy and executive quality of car detailing [38]. Comparability to the present study might, however, be somewhat limited, considering that those are both procedural learning outcomes.




6.2. Implications


The present results partially corroborate the assumptions of the theoretical frameworks that propose presence and flow as background processes during learning with XR technologies [23,50,51]. However, the link between flow, presence, and some of the learning outcomes, especially interest and some attitude measures, seems somewhat weak. This might be due to the methodological limitations of the present study, which will be discussed in the following chapter. Future research could look into more complex models that incorporate flow and presence. For example, serial mechanisms between presence and flow could be investigated. A hypothesis worth exploring could be that experiencing presence is a necessary condition for experiencing flow in virtual environments.



The lack of findings regarding interest impedes drawing theoretical conclusions. Results do however support the notion that attitude, and behavior are inherently linked [60]. Students’ statements from the focus group show a somewhat clear timeline were willingness to change their own behavior follows the intervention after phases of reflection and attitudinal change. It can be concluded that the app alone is unlikely to generate significant changes at the level of attitudes and behavior. Teachers using the app in the classroom must create reflective activities that allow students to relate the content to their own real-life experiences. Based on the positive correlations between flow, presence, and learning outcomes we found in our study, it seems advisable for teachers to look back on the feelings of the students when they used the app. These feelings seem to persist in the minds of the students, as the focus groups revealed. Therefore, if a teacher connects to the feelings experienced in the virtual space during subsequent reflection, it may be possible to generate sustainable changes at the level of attitudes and behavior. This assumption should be tested in follow-up investigations.




6.3. Limitations


The present study is limited by its design. Regarding the quantitative part of our study, an adequate control group is missing. The comparison to a control group that learned about biodiversity in a traditional classroom setting (without XR) does not seem appropriate for the question regarding the moderating effect of affective and cognitive processes that were experienced while being in a virtual environment. In another yet-to-be-published paper [8], we will report the results of a control group study (XR vs. traditional classroom setting) with a focus on the general learning effects. To analyze the moderating effects of, for example, presence, other control groups (e.g., comparing different mobile devices) would be more suitable.



Additionally, regarding the qualitative portion of our study, it is debatable whether the questions in the interview guide were suggestive or at least formulated with a positive expectation. This may have contributed to the students predominantly making positive statements about the XR application. In turn, this could have deterred classmates from giving negative responses due to social pressure, even when the moderators explicitly asked for them. It should also be noted that most contributions came from male students, while female students were shy and reserved. This could negatively impact the generalizability of the results. Moreover, the results may be biased by the fact that students with a large knowledge base participated more actively in the focus group than those who are not interested in the topic or have little knowledge about it. Also, the size of the focus groups could have influenced the students’ response behavior. The willingness to participate in the focus group discussion might have been lower in larger groups compared to smaller ones, which could be attributed to diffusion of responsibility [84,85].



Furthermore, methodological concerns could be raised. The knowledge test for this part of the project consists of a singular item measuring self-reported knowledge on the domain of the Amazon rainforest. This means that students who overestimated their knowledge in the pretest may have gained knowledge during the intervention but may have rated their knowledge lower in the posttest, after getting a better perspective on what they do and do not know. Therefore, actual knowledge gain may not be reflected in the difference between pre- and posttest. Our interpretations regarding knowledge gain and the adjacent effects should be treated cautiously. It should, however, be noted that students in the focus groups were still able to reproduce information gathered in the XR-based lesson, implying that learning about the topic did, in fact, take place.



Relating to the above-mentioned lack of time for critical reflection, the short duration of our study is a further notable limitation. The development of more sustainable attitudes in young people is significant for the future of our world. This study only examined a period from immediately after using the application to a maximum of two weeks afterward. To achieve long-term attitude changes, a more prolonged engagement of students with environmental issues is required, accompanied by scientifically guided long-term studies.




6.4. Future Perspectives


This study assumed that the students had sufficient skills in dealing with new technologies. The study paid little attention to technical issues. Some students who were still inexperienced with such technologies may have been disadvantaged. Furthermore, the lesson did not include systematic follow-up and critical reflection on the virtual experience. The discussion around the need for emersion after immersive experiences [86,87,88] posits the ontological question of to what degree virtual worlds are being perceived as genuine realities [89]. Nevertheless, the focus groups indicated that students discussed the XR application in their free time. However, from a research perspective, it would be interesting to examine students’ metacognitive processes when learning with such technologies.



Students in the focus groups showed emotional involvement in the content presented in the XR experience. Long-term changes in attitude and behavior might be achieved by teachers who try to capture the students’ emotions in discussions after using the XR application. Future research could address the specific learning emotions [90] elicited by the application and their possible benefit for learning outcomes.





7. Conclusions


Overall, this paper shows that presence and flow are in fact relevant moderators that can affect learning outcomes in XR applications. An interesting conclusion we draw from the study is that these experiential learning processes are pivots for the lever that is XR technology: These processes can help facilitate the VR and/orAR experience. Technical advancements could further support the learning outcomes. Hence, care should be taken to improve the perception of presence and flow by users when implementing AR and VR technology, especially for learners with little prior knowledge.



In general, the greenpeace XR application On Biodiversity’s Tracks can be classified as an effective application that achieves a reflective and affective engagement with environmental issues such as the threat to biodiversity. Its use in class was perceived very positively by the students. The application can therefore assist teachers in designing lessons on sustainability topics for middle school students. Thus, the application seems to be one method to communicate SDGs appropriately.
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Figure 1. The greenpeace XR application: (a) communication with locals; (b) views of the rainforest. 
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Figure 2. Interaction between (a) flow and knowledge and (b) presence and knowledge. 






Figure 2. Interaction between (a) flow and knowledge and (b) presence and knowledge.



[image: Sustainability 15 16496 g002]







 





Table 1. Internal consistencies.






Table 1. Internal consistencies.





	Scale
	Cronbach’s α





	Flow Short Scale
	0.92



	Multimodal Presence Scale
	0.92



	Multimodal Presence Scale—physical
	0.85



	Multimodal Presence Scale—social
	0.88










 





Table 2. Means, standard deviations, and missing values of all key variables.






Table 2. Means, standard deviations, and missing values of all key variables.















	Pretest
	M
	SD
	NA
	Posttest
	M
	SD
	NA





	K *
	3.06
	0.81
	0
	
	3.37
	0.85
	25



	I *
	4.58
	1.29
	0
	
	4.60
	1.43
	28



	A *
	5.00
	1.26
	1
	
	5.26
	1.35
	42



	G *
	3.24
	0.69
	0
	
	3.29
	0.81
	43



	E *
	3.57
	0.58
	0
	
	3.58
	0.68
	45



	Flow
	X
	X
	X
	
	4.31
	1.23
	46



	MPS *
	X
	X
	X
	
	2.75
	0.83
	45



	MPS ph *
	X
	X
	X
	
	2.80
	0.83
	45



	MPS so *
	X
	X
	X
	
	2.72
	0.89
	46







* K—knowledge, I—interest, A—attitude, G—Green Scale, E—Environmental Protection Scale, MPS—Multimodal Presence Scale (ph—physical subscale, so—social subscale). Skewness and kurtosis measures are provided in the Supplementary Materials.













 





Table 3. Correlations between the key variables.






Table 3. Correlations between the key variables.





	
Pretest

	
Posttest




	
Pretest

	
K

	
I

	
A

	
G

	
E

	
K

	
I

	
A

	
G

	
E

	
Flow






	
K *

	
1

	

	

	

	

	

	

	

	

	

	




	
I *

	
0.38

	
1

	

	

	

	

	

	

	

	

	




	
A *

	
0.22

	
0.43

	
1

	

	

	

	

	

	

	

	




	
G *

	
−0.01

	
0.43

	
0.36

	
1

	

	

	

	

	

	

	




	
E *

	
0.12

	
0.38

	
0.45

	
0.57

	
1

	

	

	

	

	

	




	
Posttest

	

	

	

	

	

	

	

	

	

	

	




	
K

	
0.38

	
0.33

	
0.20

	
0.13

	
0.30

	
1

	

	

	

	

	




	
I

	
0.20

	
0.57

	
0.37

	
0.45

	
0.48

	
0.45

	
1

	

	

	

	




	
A

	
0.18

	
0.28

	
0.58

	
0.42

	
0.57

	
0.23

	
0.44

	
1

	

	

	




	
G

	
0.04

	
0.29

	
0.32

	
0.76

	
0.59

	
0.24

	
0.43

	
0.52

	
1

	

	




	
E

	
−0.07

	
0.26

	
0.39

	
0.55

	
0.76

	
0.20

	
0.42

	
0.57

	
0.73

	
1

	




	
Flow

	
0.13

	
0.28

	
0.28

	
0.40

	
0.34

	
0.34

	
0.47

	
0.39

	
0.55

	
0.42

	
1




	
MPS

	
−0.03

	
0.17

	
−0.03

	
0.30

	
0.11

	
0.17

	
0.20

	
0.01

	
0.38

	
0.10

	
0.58








* K—knowledge, I—interest, A—attitude, G—Green Scale, E—Environmental Protection Scale, MPS—Multimodal Presence Scale.













 





Table 4. Correlations between flow, presence, and gain in knowledge, interest, general attitude, Green Scale attitude, and Environmental Protection attitude.
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	K *
	I *
	A *
	G *
	E *





	Flow
	r
	0.214
	0.241
	0.164
	0.276
	0.197



	
	p
	0.026
	0.011
	0.092
	0.004
	0.042



	Presence
	r
	0.194
	0.058
	0.028
	0.101
	−0.001



	
	p
	0.043
	0.545
	0.772
	0.297
	0.989







* K—knowledge, I—interest, A—attitude, G—Green Scale, E—Environmental Protection Scale.













 





Table 5. Moderator analyses.






Table 5. Moderator analyses.





	
Model

	
Interaction




	

	
F (df)

	
p

	
R²

	
t

	
p






	
K *: Flow

	
13.00 (3, 104)

	
<0.001

	
0.252

	
−2.19

	
0.031




	
I *: Flow

	
26.43 (3, 106)

	
<0.001

	
0.412

	
0.41

	
0.682




	
A *: Flow

	
25.09 (3, 103)

	
<0.001

	
0.405

	
−1.53

	
0.128




	
G *: Flow

	
56.76 (3, 104)

	
<0.001

	
0.610

	
−0.59

	
0.557




	
E *: Flow

	
53.49 (3, 103)

	
<0.001

	
0.598

	
−0.37

	
0.711




	
K: Presence

	
10.10 (3, 105)

	
<0.001

	
0.202

	
−2.19

	
0.031




	
I: Presence

	
18.75 (3, 107)

	
<0.001

	
0.326

	
−1.87

	
0.064




	
A: Presence

	
19.69 (3, 104)

	
<0.001

	
0.344

	
−0.47

	
0.641




	
G: Presence

	
44.93 (3, 105)

	
<0.001

	
0.550

	
−0.65

	
0.515




	
E: Presence

	
52.39 (3, 104)

	
<0.001

	
0.590

	
−2.56

	
0.012








* K—knowledge, I—interest, A—attitude, G—Green Scale, E—Environmental Protection Scale, R²—adjusted R².
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