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Abstract


The promotion of global sustainability within environmental science courses requires a paradigm switch from knowledge-based teaching to teaching that stimulates higher-order cognitive skills. Non-major undergraduate science courses, such as environmental science, promote critical thinking in students in order to improve the uptake of scientific information and develop the rational decision making used to make more informed decisions. Science, engineering, technology and mathematics (STEM) courses rely extensively on visuals in lectures, readings and homework to improve knowledge. However, undergraduate students do not automatically acquire visual literacy and a lack of intervention from instructors could be limiting academic success. In this study, a visual literacy intervention was developed and tested in the face-to-face (FTF) and online sections of an undergraduate non-major Introduction to Environmental Science course. The intervention was designed to test and improve visual literacy at three levels: (1) elementary—identifying values; (2) intermediate—identifying trends; and (3) advanced—using the data to make projections or conclusions. Students demonstrated a significant difference in their ability to answer elementary and advanced visual literacy questions in both course sections in the pre-test and post-test. Students in the face-to-face course had significantly higher exam scores and higher median assessment scores compared to sections without a visual literacy intervention. The online section did not show significant improvements in visual literacy or academic success due to a lack of reinforcement of visual literacy following the initial intervention. The visual literacy intervention shows promising results in improving student academic success and should be considered for implementation in other general education STEM courses.
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1. Introduction


Global sustainability issues, including those at the nexus of food, water and energy concerns [1,2], capture attention and provide relevance in such a way that enhances learners’ motivations to learn [3,4]. A desired outcome of higher education is for students to develop the multidimensional and multifaceted human capability of critical thinking [5,6]. In one framework of the process of developing critical thinking, observation and inquiry are initial stages that lead to critical thinking abilities involving such interrelated cognitive constructs as interpretation, explanation, reasoning, evaluation, synthesis, reflection, judgment, metacognition and self-regulation [5]. Visual representations (for example pictures of floods, disease outbreaks, hurricanes, pollution and drought) provide the interfaces and encourage the attention required for learner observations on global sustainability issues. Visual representations for knowledge transfer are increasing relevant in the context of delivering effective, efficient and engaging online learning [4,7,8].



Global sustainability issues are often described as complex, multilayered and ill-defined problems requiring transdisciplinary solutions [9,10]. An ill-defined problem “does not allow a clear mapping of the initial problem space, and the method of achieving the solution is unclear” [11]. Thus, when confronted with global sustainability issues, a desired approach is insightful problem solution characterized by “(i) mental impasse, followed by (ii) restructuring of the problem representation, which leads to (iii) a deeper understanding of the problem, and finally culminates in (iv) an “Aha!” feeling of suddenness and obviousness of the solution” [12]. In problem-solving with complex datasets, especially for ill-defined problems encountered in global sustainability issues, visualizations can help to restructure or narrow the problem space. In academic settings, robust knowledge is an instructional priority and is defined as “deep (encoding typically includes critical features necessary); connected (knowledge is connected between problem solving steps, across problems or concepts in domain, and across domains) and coherent (knowledge is consistent and free of contradictions)” [13]. Visualizations such as concept (mind) maps, a type of connection visual [14], can enable learners to communicate the depth, connectedness and coherence of their knowledge of a topic [15].



The emphasis in this report is on a pilot course-based visual literacy intervention for improving undergraduate student critical thinking of global sustainability issues. Spector and Ma [5] define a developmental process of critical thinking from observation and inquiry to argumentation and reflection (Figure 1). Spector and Ma’s critical thinking framework has four dimensions: abilities (educational perspective), dispositions (psychological perspective), levels (epistemological perspective) and time [5].



According to the Association of College and Research Libraries’ Visual Literacy Competency Standards for Higher Education, visual literacy “is a set of abilities that enables an individual to effectively find, interpret, evaluate, use, and create images and visual media” [16,17]. Thus, visual literacy abilities overlap with the critical thinking abilities of interpretation, reasoning, evaluation, synthesis, reflection and judgment. Visualizations have become a central means of communication and knowledge transfer in print, television and social media. The ability to interpret and critically analyze visualizations is an essential skill for employment [18] and a core competency in US education for grades 9–10 (CSS.ELA-LITERACY.RST.9-10.7) [19,20]. The goal of science education is to increase scientific literacy in all students, not only those interested in science, engineering, technology and mathematics (STEM) careers [21]. Visual literacy allows for the public to be more informed when encountering medical information in graphical displays, improving their understanding of risks and benefits [22]. Furthermore, having a critical eye is important when presented with incomplete visualizations in the media, advertisements or politically motivated statistics geared toward convincing the public to adopt or reject a viewpoint utilizing one-sided information [23]. With the elevation of pseudoscience, visual literacy provides students with skills to identify false and misinterpreted scientific data [24].



The challenges of 21st century society, including climate change, pollution, migration, educational disparities and resource management, require the collaboration of scientists, educators, politicians, economists and the public. Non-major science courses, such as environmental science, serve to (1) promote critical thinking in students in order to improve the uptake of scientific information; and (2) develop the rational decision making used for making more informed decisions [25,26]. The promotion of global sustainability within environmental science courses requires a paradigm switch from knowledge-based teaching to teaching that promotes higher-order cognitive processes, including critical thinking, question asking, decision-making and problem solving [27]. Visualizations are an essential component of science education and require instructors to develop students’ metacognitive skills [28]. Within science texts, the frequency of visualizations can reach 14 graphics per 10 pages, which is the same frequency observed in scientific journals [29]. Within an ecology course, 800 visualizations were observed within the course lectures [29]. Despite the frequency of use, students struggle to understand the information within visualizations due to experiential learning, incorrect student knowledge and difficulties associated with the task [30,31].



Visual literacy is a core competency in K-12 education; however, the United States showed no significant improvement in 8th grade achievement in “Data representation, analysis, and probability” questions between 1995 and 1999 and the U.S. ranked 15th overall among surveyed countries in this content area (Mullis et al., 1999). The 21st century demands of visual literacy require students to attain high levels of graph comprehension [32,33]. K-12 curricula focus on seven types of data visualization (line charts, bar charts, stacked bar chart, pie charts, histograms, scatterplots and box plots); however, common graphics in news outlets, notably the most common visualization, choropleth maps, are not covered in the general curriculum [34]. Higher education must address shortcomings to support visual literacy competencies [32,35]. While it has been listed in the past, visual literacy is not currently listed as an essential learning outcome in higher education [36,37]; however, associated constructs that are included include inquiry and analysis, critical and creative thinking and quantitative literacy [38]. For instructors to support the acquisition of visual literacy, they need to develop or adopt a framework for developing questions on visualizations that will identify student shortcomings and reinforce comprehension of information within the visualizations [33,39,40,41].



Instructors have expectations that information presented in visualizations provide easily accessible answers to questions for students. However, visualizations are not simplifications of information but simultaneously present multiple elements and relationships which are difficult to read, absorb and interpret [42]. There are knowledge and skill gaps between undergraduate students and instructors in visual literacy that must be considered in course planning [43]. Visual literacy is a complex task and an important learned skill which must be emphasized in the classroom [21,36]. Visualizations contain a mixture of relevant and irrelevant information that can confuse or distract students from their task [42]. Even scientists have demonstrated difficulties in correctly interpreting graphs outside of their fields of expertise and have demonstrated interpretations of graphics that differ significantly based on experiential learning [29]. The knowledge gained by the student observing the visualization depends on the quality of the visualization and the user’s knowledge, perception and cognition [44]. Instructors need to recognize these elements and provide opportunities for interactive exploration where students can engage with the visualization and further explore the data. Visualization interpretation requires three information sources: input data (visualization), an interaction and pre-stored knowledge [45]. Course instructors must choose appropriate visualizations, teach students how to interact with the visualizations and increase students’ background knowledge of the topics. The focus of this research is a visual literacy intervention which provides a learning experience for students on how to interact with visualizations.



Three levels of comprehension (elementary, intermediate and advanced) that need to be considered in order to activate the process of visualization comprehension in students have emerged in the literature [33]. At an elementary level, students are expected to locate and read the data from a visualization, which requires the novice-level critical thinking ability of interpretation. At an intermediate level, students read between the data to integrate and interpret trends, which requires students to utilize the beginner and professional-level critical thinking abilities of explanation, reasoning and evaluation. At the advanced level, students read beyond the data and utilize the expert-level critical thinking abilities of synthesis, reflection and judgment [5]. A student’s ability to correctly answer questions is inversely related to the level of difficulty of the question, with intermediate and advanced questions posing greater challenges to students [33,46]. There is consensus that college students need additional support to develop visual literacy in order to be successful in college coursework and research activities [35,36,46,47,48].



While the importance of visual literacy in higher education and the factors impacting student performance are documented above, there are limited examples of visual literacy interventions in the literature [32,49]. The COVID-19 pandemic in 2020 has also led to an urgent need for remote education options through visual interfaces and for visual literacy interventions that instructors can implement in their courses. Most research on visual literacy captures a moment in time rather than monitoring changes in visual literacy after an intervention on visual literacy [21].



The objectives of the research study reported here were:




	
Assess students’ elementary, intermediate and advanced visual literacy within an undergraduate general education Introduction to Environmental Science course.



	
Determine the changes in visual literacy following an intervention.



	
Track changes in visual literacy at midterms, utilizing a standardized assessment for the course.









2. Materials and Methods


The visual intervention was designed for ES 130 Introduction to Environmental Science, a general education non-major course offered at Bethune–Cookman University, Florida, USA. The intervention was launched in two sections of the course taught by the same instructor in Spring 2019. One section was a face-to-face (FTF) honors section and the other was an online section. Only students who completed the entire intervention in each section were included in the analysis (n = 12). The intervention consisted of pre- and post-tests, a lecture and a homework assignment designed to test three levels of scientific visual literacy adapted from Friel et al., 2001: (1) elementary—can the student read the data? (2) Intermediate—can the student read between the data? (3) Advanced—can the student read beyond the data? Spector and Ma’s critical thinking framework [5] helped to explain our research findings and plan future studies.



The lecture introduced students to the importance of visualizations and defined five types of visualizations: one-dimensional visuals, two-dimensional visuals, maps, shape visuals and connection visuals [14]. Each of the visualization types was described and defined for the students. During the intervention, the instructor assisted students in approaching the visualization utilizing components of the Novice’s Information Visualization Sensemaking (NOVIS) model [40]. Each visualization was displayed and students were guided through the process of constructing a frame by identifying textual objects, such as the axis labels, and non-textual objects, such as color coding or shading present. The instructor guided the students through an exploration of the visualization by asking students to read the visuals, find a trend and project the data beyond the visuals, which were designed to address the elementary, intermediate and advanced levels of visual comprehension. This activity involved retrieving information, recalling domain knowledge and personal experience and exploring the visualization [40]. Self-assessment, self-correction and self-explanation are metacognitive practices needed for successful learning. Thus, students participated in metacognitive-focused group discussion in the FTF section. They engaged in discussion on self-assessment and self-correction in their responses to the visual literacy questions. After the guided exploration, an additional visual was presented for practice with the prompt words “read”, “trend” and “projection”. As a means to support critical thinking development through metacognitive practices, the students were asked in the group discussion to explain how they reached their answer. An objective for this self-explanation practice was to enable students who did not find the correct response to obtain the correct response from their peers. Further, the course instructor was able to (1) ensure the students were using the correct skills to reach an answer rather than guessing; and (2) support reinforcement of the visual literacy skills. It is important to note that group discussion was not utilized in the online section.



All visualizations used within the lecture were related to environmental science topics and included a pH scale, fish population demographics, ice coverage, heat maps, sustainable development, food webs and taxonomic trees, etc. The lecture took one and a half 50-min periods to complete with students in the face-to-face class. The lecture was recorded by the instructor into two PowerPoint files for the online course. Students were encouraged to pause the recording to answer questions before advancing to hear the answers; however there was no direct engagement between the instructor and students for asynchronous lectures. There was no way to track which online students engaged with the lecture or watched it in its entirety.



The homework assignment was the same for the online and face-to-face sections; both had questions written in the online learning management system Jenzabar. The homework included a link to an online lesson on reading graphs [50]. The assignment consisted of three visualizations, a bar graph and two pie charts, with ten multiple choice questions and one true/false question. Each question utilized the prompts of “read”, “trend” and “projection” from the lecture. Five of the homework questions were elementary, three were intermediate and three were advanced. The homework questions were autograded and students had unlimited attempts on the homework. Students were able to see their homework score after each attempt but not which questions were incorrect or the correct answers. Both class sections had one week to complete the online homework assignment.



The pre-test and post-test consisted of six visualizations (Figure 2) which were either generated by the instructor or acquired online using a Google search. The content of the visualizations was related to environmental science concepts but the questions and values were designed not to require previous knowledge about the topics. For instance, the students might have needed to be aware of what a seahorse is to answer the questions regarding density, but they did not need to know the difference between lined, dwarf and long-snout seahorses (Figure 2a).



The questions were also designed assuming students had basic knowledge of geography. In Figure 2d, the states and countries were not labeled, but the questions (Table 1) did require students to know the locations of them, with the assumption that these were geographic facts that they had learned in primary and secondary school. One student did ask for assistance locating these geographic areas in the exam, suggesting that these labels should be considered in the future and cautioning about assumptions of prior knowledge when crafting questions. An additional assumption was made that students could do the basic math of addition or subtraction without the aid of a calculator (Table 1, questions 2, 3 and 8). In the face-to-face section and online course the pre-test was given to the students prior to any instruction on visualizations in the lecture or homework. The post-test was given to students in the online class three days after the lecture and homework were completed and one day after the homework was due in the face-to-face class.



In the pre-test and post-test, each visualization was accompanied by three questions, one at each of the three comprehension levels, elementary, intermediate and advanced, for a total of 18 questions (n = 6 for each comprehension level). Four questions were true/false answer choices and the other 14 were multiple choice questions. The pre-test and post-test were given as a scantron quiz in the face-to-face honors section, while the online section took the test electronically as a timed quiz within the Jenzabar software. The face-to-face and online classes were statistically analyzed separately.



Only scores from students who completed the entire intervention, including the pre-test and post-test, lecture and homework, in each class section were included in the statistical analysis. We sought to determine if there was a significant difference in the percentage of correct answers between elementary, intermediate and advanced levels of visual literacy between pre-test and post-test. Thus, the data were analyzed using a two-way repeated measures ANOVA according to Agresti, 2018 [51]. Though the sample size was low (n = 6), the data met the assumption of normality for running the two-way repeated measures ANOVA as indicated by Mauchly’s Test of Sphericity (p > 0.05) [52].



The midterm contained three different visualizations (Figure 3), with one question at each comprehension level (Table 2). The questions consisted of seven multiple choice questions and two questions with an A or B option. The online section had a timed exam using a proctor written in Jenzabar Learning Management System, while the face-to-face course used a scantron exam with the instructor present. The results from each course section were analyzed separately. The percentage of correct answers for each question was analyzed using a one-way ANOVA in IBM SPSS Statistics 25 to determine if there was a significant difference in correct answers between elementary, intermediate and advanced levels of visual literacy questions on the midterm. Though the sample size was low (n = 6), the data met the assumption of normality for a one-way ANOVA indicated by Levene’s test of homogeneity (p > 0.05) [52].



To assess the transfer of visual literacy learning from the intervention to academic success, the exam scores for the FTF and online sections utilizing a visual literacy intervention were compared to those from a previous semester in which the FTF and online sections were taught without a visual literacy intervention. All course sections had five exams, including the final exam. All exam scores within each course type, FTF and online, were compared to a previous semester without visual literacy using an independent samples t-test in IBM SPSS Statistics 25. The data met the assumption of normality for an independent t-test indicated by Levene’s test of homogeneity (p > 0.05) [52].



The course assessment consisted of 16 content-based questions. Fourteen were multiple choice and two were true/false questions. There were three multiple choice questions related to two visualizations on the assessment. One question was intermediate and the other two were advanced. The same assessment was embedded in the final exam each semester. The percentage of correct responses from the class for each question was calculated. The average percentage scored on the questions was reported with the assessment score goal of an aggregate average of 70% or higher. Assessment scores within each course type, FTF and online, were compared to a previous semester without visual literacy using an independent samples t-test in IBM SPSS Statistics 25. The data met the assumption of normality for an independent t-test indicated by Levene’s test of homogeneity (p > 0.05) [52]. The framework for critical thinking formulated by Spector and Ma provided a framework to interpret the findings of the project [5].




3. Results


In each course, online and face-to-face, fourteen students completed the pre- and post-tests, online homework and midterm exam. All fourteen face-to-face students were present for the entire lecture; however, the online students’ engagement with the recorded lectures could not be tracked. The face-to-face section’s homework was completed in 1 to 6 attempts by the students, with an average of 2.5 ± 0.4 attempts. The online section’s homework was completed in 1 to 4 attempts with an average of 2.7 ± 0.3 attempts for the class. The average scores on the homework assignment were 95.5% ± 1.8 and 91.7% ± 1.4 for the face-to-face and online sections, respectively.



The percentage of correct responses in both the online and face-to-face sections did not change significantly between the pre- and post-tests (p > 0.05, Table 3). However, in both classes there were significantly higher correct scores on elementary visual literacy questions compared to advanced visual literacy questions (p < 0.05, Figure 4). In the face-to-face honors sections, 96.5% ± 1.6% of students were able to answer elementary level visual literacy questions compared to an average of 63.2% ± 6.8% on advanced questions. The online class showed similar results for the comparison of the percentage of correct responses between advanced and elementary level questions, 95.1% ± 1.9% and 61.1% ± 4.7%, respectively. There were no significant differences in the percentage of correct scores between intermediate visual literacy questions compared to elementary or advanced in either course (p > 0.05, Figure 4).



The midterm scores on elementary, intermediate and advanced visual literacy questions were not significantly different in the online or face-to-face sections (p > 0.05, Table 4). The variance on advanced level questions was higher compared to elementary and intermediate questions in both course sections, suggesting students were still struggling with advanced questions. The average scores on advanced questions for the midterm in the FTF and online courses were 80.6% ± 15.5 and 66.7% ± 22.0, respectively, compared to the intervention averages of 63.2% ± 6.8 in the FTF section and 61.1% ± 4.7 in the online section (Figure 5). While not statistically compared, the FTF students demonstrated improved scores on advanced level questions from the intervention to the midterm, while the online students demonstrated no improvement.



Exam scores were significantly higher in the visual literacy FTF course compared to the year before when the course was taught without a visual literacy intervention (p < 0.05, Figure 6A). The average exam score in the visual literacy FTF course was 78.9% ± 3.4 compared to 60.5% ± 2.5 in the section without a visual literacy intervention (Table 5). The average exam score in the online section with a visual literacy intervention was 70.3% ± 2.8, higher than the online section without a visual literacy intervention, which averaged 65.7% ± 5.6; however, the differences were not significant (p > 0.05, Figure 6B and Table 6).



The average course assessment scores did not differ significantly between FTF and online sections with or without a visual literacy intervention; however, the FTF visual literacy section was the only section to reach the target assessment benchmark of a 70% average (p < 0.05, Figure 7). The average assessment score in the FTF section with a visual literacy intervention was 70.5% ± 6.3 compared to 65.0% ± 7.0 without (Table 7). In the online sections, the average was 62.5% ± 8.1 with the intervention and 62.3% ± 7.5 without (Table 8).




4. Discussion


The goal of our research is to design and develop effective visual literacy educational interventions to promote critical thinking, insightful problem solving and robust knowledge of global sustainability issues. In this report, which emphasized promoting critical thinking, we presented findings from an undergraduate course-based visual literacy intervention that consisted of a pre-test, post-test, lecture and homework assignment designed to test three levels (elementary, intermediate and advanced) of scientific visual literacy. Our research provides resources such as questions, analysis and critical thinking educational constructs that educators can integrate in courses. Thus, our approach advances the integration of the Association of College and Research Libraries’ Visual Literacy Competency Standards for Higher Education in undergraduate instructional events [53].



The visual literacy intervention reported here had a significant effect on academic success measures through increased exam scores and higher assessment scores for the face-to-face section. Compared to the elementary level, the visual literacy assessment scores for intermediate and advanced level questions were lower. One explanation is that these types of questions require students to manipulate the information in the figure to make comparisons, undertake calculations or generalize or predict trends based on the provided information, which is consistent with previous studies [33,34]. Furthermore, the questions at the intermediate and advanced levels require students to utilize domain-specific knowledge of environmental science to apply the higher level critical thinking abilities of synthesis, reflection and judgment.



After one week following the visual literacy intervention there was not a significant improvement in literacy evident in the post-test; however, a significant transfer of learning was evident at midterms and on students’ overall exam scores in the course for the FTF section. Students in the FTF section with the visual literacy intervention had a 17.4% improvement in advanced literacy questions from the intervention to the midterms. Average exam scores in the FTF section with the visual literacy intervention increased by 18.4% compared to a section without the intervention. While the assessment scores were not significantly higher with the visual literacy intervention, the section with the intervention was the only one to reach the department’s benchmark of an average score of 70%. The delay in intervention effects from the post-test to midterms is not unreasonable considering the time needed for students to develop abilities for advanced visual literacy.



While the visual literacy questions in the pre-test and post-test were developed for students to answer without environmental science content knowledge, the ability to link visuals to prior knowledge has been identified as a critical element of student learning that can aid in understanding but also lead to misconceptions [30,54]. Knowledge extraction from visualizations is not an objective process but relies on a priori knowledge [44]. As students gain environmental science knowledge and experience interpreting visualizations throughout the semester, the knowledge they gain from the visualizations increases. Knowledge influences visual literacy by: (1) influencing student comprehension goals by confirming or disconfirming relationships they expect to find, (2) allowing students to keep track of information in a visual to aid in mental computation and (3) helping students identify potential errors [55]. The visual literacy intervention in the FTF section in our study provided a framework for students to utilize when interpreting visuals, which led to increased understanding of readings and homework and academic success which increased throughout the semester.



The improvement in measures of academic success in the FTF section demonstrates the potential of this visual literacy intervention to facilitate the acquisition of sustainability knowledge in students who are non-majors in environmental science. We observed that students’ acquisition of knowledge on sustainability issues was coupled with increased performance of abilities at higher levels of critical thinking. This suggests that critical thinking abilities learned during the visual literacy interventions were transferred to other learning outcomes of the course. One logical implication of this presents an area we have identified for further investigation consisting of the effects of increased sustainability knowledge, visual literacy and critical thinking on students’ attitudes, behaviors and informed decisions with regard to sustainability topics outside of the classroom.



The same improvement in visual literacy and academic success observed in the FTF course was not evident in the online section, where the averages for elementary, intermediate and advanced visual literacy questions remained the same from the intervention to midterms. Additionally, the overall exam and assessment scores in the online section with the visual literacy intervention did not differ from an online section without the intervention. The differences in academic success measures between the online and FTF sections are less likely to be related to the course format or course content knowledge than to a lack of reinforcement of the visual literacy framework in the online course. In both sections, the same online readings, online homework and lectures were utilized. However, in the FTF course the instructor reinforced the visual literacy framework during lectures throughout the semester by encouraging students to read, identify trends and make predictions with visuals during each lecture. The online sections utilized lectures which were prerecorded before the visual literacy framework was developed. Students in the online section received the framework at the intervention and it was not repeated in any additional coursework throughout the semester. The improvement in the FTF course versus the online course illustrates the importance of repetition and practice and the critical need for instructors to be trained in interventions for developing visual literacy of students.



The online course format did present a challenge in the instructor’s engagement with students with visual literacy. The recorded PowerPoint used in the intervention was asynchronous and thus did not allow for instructors to answer questions or observe when students needed additional support. Students were encouraged to pause the recording to answer questions within the lecture and then to advance to see if they were correct. The lack of metacognitive discussions with the instructor in the online section effectively eliminated self-explanation and self-correction activities, which are useful in developing critical thinking abilities related to synthesis, reflection and judgment. The current lecture format does not allow any analysis which would make it possible to see how students are engaging with the content or even if they watched the lecture at all. Many online programs are available which allow for embedded questions in videos and provide data on student engagement, and which are better options for encouraging student participation and providing data to instructors on student knowledge in an asynchronous environment. Synchronous discussion boards and online meetings would address these bottlenecks to visual literacy interventions in online formats.



Some limitations in the current study should be noted. The number of students in each course section was low (n = 12) and the time allocated to the intervention, which took place within a traditional university course, was limited. However, we argue that the study took place in intact learning environments. Additionally, the coverage of topics in the course, in terms of time spent on content, was constrained by the traditional conditions of the university implementation of the course under which the study took place. The prudential nature of educational research is to begin with small, focused studies that provide scaffolding for a larger study. The modest outcomes of the present study show promise in terms of making deliberate modifications to courses within the constraints of the practice of university course offerings. These initial study findings demonstrate the need to expand the research to additional sections and instructors in order to assess the intervention impacts on a larger sample size. The results of the current study have led to the adoption of the intervention into all ES 130 (Introduction to Environmental Science) sections by three faculty members for two years. It has also been adapted for COVID-19 related visuals for educators and communications majors. We are currently analyzing the data for future publications. Our current report presents course instructors with adaptable instructional strategies for visual literacy educational interventions.



Despite these limitations, there are clear indicators that this intervention was successful in improving visual literacy. The differences observed in student success between the online and FTF section highlighted the need for increased course time for this intervention to be successful. The findings presented here have led to faculty discussions on how to enhance the reinforcement of the visual literacy intervention. This visual literacy reinforcement will involve (1) repeated use of the framework throughout the semester in lectures that use visuals; (2) offering additional practice questions on homework; and (3) monitoring visual literacy in exams.



Global sustainability topics covered in environmental science courses can be used to capture students’ attention, provide relevance and foster critical thinking development [56,57]. We expect that students will have improved understanding of scientific knowledge and develop rational decision making when explicitly taught about the developmental framework of critical thinking. Instructors play a key role in assisting students in interpretation and understanding of course materials in lectures; however, visuals in lectures and textbooks are often lacking in the resources, which facilitate students’ understanding of the content [29]. Instructors’ assumptions that students have mastered visual literacy as a core competency in grades K-12 lead to a disparity between expectations and capacity. The visual literacy pre-test is an effective tool for identifying which level of visual literacy students have and where future instruction should be focused. This visual literacy assessment will ensure that students are equipped with the abilities needed to engage with sustainability topics. Instructors should analyze the pre-test results and provide students with increased practice on levels where they scored poorly. Practice can consist of additional homework questions or reinforcement during lectures. This study demonstrates the need for intervention reinforcement throughout the semester rather than a one-time lesson on visual literacy. Furthermore, with proper application, the intervention can improve visual literacy, promote advanced critical thinking skills and improve knowledge of sustainability topics.



Future adaptations of the visual literacy intervention will increase the quantity of visual literacy questions in homework assignments and specifically increase the quantity of advanced level questions when students are demonstrating lower scores. Due to the importance of a priori knowledge in students’ visual literacy, relevant background information in the form of short summaries or links to relevant news articles related to the visual will be provided on homework assignments. Additionally, identifying when students have difficulties with visualization tasks is important for identifying students who need additional support and guidance in visual literacy [34]. The post-test will be moved later in the semester to allow time for students to develop advanced visual literacy and accurately capture improvements. Students who participate in visual literacy interventions will be reassessed later in their programs for long-term retention of the visual literacy content.




5. Conclusions


The success of the visual literacy intervention at improving student advanced literacy and academic success measures suggests that increased emphasis on visual literacy in general education science courses is needed. Advanced visual literacy requires students to utilize content knowledge gained over time in the course and the advanced critical thinking skills of synthesis, reflection and judgment to read beyond what is displayed in the visual. Advanced visual literacy is a required skill for students to judge the validity of sustainability visuals they will encounter in print, television and social media and make informed decisions from information communicated by the visual. The modest sample size and limited intervention length used in this study were able to demonstrate significant improvements in student success, including statistically significant improvements in exam scores, visual literacy and meeting assessment benchmarks. Additional reinforcement of visual literacy content by course instructor throughout the semester can enhance these improvements. The evidence for the benefit of reinforcement of visual literacy content is the differences observed between the online class, which had little reinforcement, and the face-to-face class, which received reinforcement throughout the semester. While this study’s intervention focused on sustainability themes within a non-major environmental science course, the intervention can be easily adapted for major and non-major STEM courses to establish a visual literacy framework. The implementation of visual literacy educational interventions within courses can support the development of advanced metacognitive skills in students with the benefits of improved academic success and critical thinking outside the classroom.
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Appendix A


The sources of the images included in assessment for visual literacy are presented in Table A1.





 





Table A1. Website sources of images in Figure 2 and Figure 3. Accessed on 5 September 2020.
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	Figure
	Image Description
	Website Address





	Figure 2b
	UV spectrum
	https://caltechletters.org/science/color-in-nature



	Figure 2d
	Map
	https://earthobservatory.nasa.gov/images/85460/going-hot-and-cold-in-february



	Figure 2e
	Pie chart
	https://ketlerproject.weebly.com/about-and-the-issue.html



	Figure 2f
	Food web
	https://www.pngitem.com/



	Figure 3a
	Table
	http://www.c2o.pro.br/en/water/x112.html



	Figure 3b
	Map
	https://www.smu.edu/Dedman/Academics/Departments/Earth-Sciences/Research/GeothermalLab/DataMaps/TemperatureMaps



	Figure 3c
	Line graph
	https://www.zmescience.com/science/news-science/volcano-co2-humans-emissions-16102017/
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Figure 1. A developmental approach to critical thinking by Spector and Ma [5]. Reproduced with open-access permission. 
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Figure 2. The six visualizations that composed the visual literacy pre-test and post-test. (a) Table; (b) one-dimensional figure; (c) bar graph; (d) choropleth; (e) pie chart; (f) flow chart. Parts b and d through f were obtained from an internet search. The website addresses for the sources of the figures are provided in Table A1 in Appendix A. 
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Figure 3. The three visualizations utilized in the midterm. (a) Table; (b) choropleth; (c) line graph. Figures were obtained from an internet search. The website addresses for the sources of the figures are provided in Table A1 in Appendix A. 
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Figure 4. Pooled results from the pre- and post-tests on visual literacy for the face-to-face section (A) and online section (B) of the Introduction to Environmental Science course. Students in both class sections demonstrated significantly higher scores on elementary visual literacy questions compared to advanced level questions (p < 0.05) but there was no significant difference in scores within each class section in the pre- and post-tests (p > 0.05). 
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Figure 5. Results for visual literacy questions on the midterm exam for the face-to-face section (A) and online section (B) of the Introduction to Environmental Science course. Students in both class sections demonstrated no significant difference in scores between elementary, intermediate or advanced visual literacy questions (p > 0.05). 
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Figure 6. Average exam scores for the face-to-face section (A) and the online section (B) of the Introduction to Environmental Science course. Students in the FTF section with a visual literacy intervention had higher overall exam scores compared to those in the FTF section without a visual literacy intervention (p < 0.05). No significant difference was found in exam scores between online sections with or without a visual literacy intervention (p > 0.05). 
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Figure 7. Average assessment scores for the face-to-face section (A) and the online section (B) of the Introduction to Environmental Science course. No significant difference was found between the average assessment scores with visual literacy (VL). The FTF visual literacy section was the only section to meet the assessment benchmark of a 70% average. 
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Table 1. The test questions utilized in the pre-test and post-test for each of the six visualizations and the three comprehension levels.
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Question Number

	
Visualization

	
Questions

	
Comprehension Level






	
Q1

	
Table

	
How many dwarf seahorses are at location 1?

	
elementary




	
Q2

	
Which location has more total seahorses than the other?

	
intermediate




	
Q3

	
T(A) or F (B) Location 1 is a better habitat than location 2 for all seahorse species.

	
advanced




	
Q4

	
One-dimensional figure

	
Which wavelength of light would be green in color?

	
elementary




	
Q5

	
T(A) or F (B) The wavelength of red is longer and lower in frequency than the blue wavelength.

	
intermediate




	
Q6

	
The colors of plant leaves and flowers that you see are the colors of light that are reflected off the plant to your eyes. Which wavelength of light would be reflected by grass?

	
advanced




	
Q7

	
Bar graph

	
Which month has the greatest amount of species 1?

	
elementary




	
Q8

	
How much higher is the abundance of species 1 in December than November?

	
intermediate




	
Q9

	
T(A) or F (B) If species 1 abundance declines due to a high abundance of predators, then November would likely have the highest abundance of predators.

	
advanced




	
Q10

	
Choropleth

	
What was the land surface temperature anomaly for most of Florida?

	
elementary




	
Q11

	
Which region of the North American continent had the largest warming compared to the other locations?

	
intermediate




	
Q12

	
Ice melting is likely the highest in which region of the map?

	
advanced




	
Q13

	
Pie chart

	
What is the biggest source of pollution of the ocean?

	
elementary




	
Q14

	
T(A) or F (B) the biggest source of pollutants comes from land-based pollution rather than air- or ocean-based pollution.

	
intermediate




	
Q15

	
Which of the following policies would have the biggest reduction on ocean pollutants?

	
advanced




	
Q16

	
Flow chart

	
Which species is at the top of the food web?

	
elementary




	
Q17

	
If there was an increase in owls, which species would be negatively impacted?

	
intermediate




	
Q18

	
If an infection destroyed all grains in this system, which of the following would happen?

	
advanced











 





Table 2. The test questions utilized in the midterm exam for each of the three visualizations and the three comprehension levels.
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Question Number

	
Visualization

	
Questions

	
Comprehension Level






	
Q1

	
Table

	
Which reservoir has the largest water reservoir time?

	
elementary




	
Q2

	
Does a reservoir that has vapor (A) or solid water (B) have the longest residence time?

	
intermediate




	
Q3

	
If a pollutant entered the water, which reservoir would it impact the most?

	
advanced




	
Q4

	
Choropleth

	
What is the temperature of Daytona Beach?

	
elementary




	
Q5

	
As you move from south to north, what happens to the temperature in the U.S.?

	
intermediate




	
Q6

	
Global warming is expected to increase global temperatures by 2 °C by the year 2100. What would the color of Daytona be if this happens?

	
advanced




	
Q7

	
Line graph

	
The graph above was created by measuring the amount of carbon dioxide in the background atmosphere at an observatory in Hawaii, Mauna Loa, which correlates to the burning of fossil fuels, and measuring the amount of carbon dioxide produced during three volcanic eruptions: Agung, El Chicon and Pinatubo. What was the amount of carbon dioxide produced by the Pinatubo eruption?

	
elementary




	
Q8

	
The carbon dioxide being measured at Mauna Loa is _____over time.

	
intermediate




	
Q9

	
Is the amount of carbon dioxide increasing from fossil fuel production greater (A) or smaller (B) than the carbon dioxide from volcanic eruptions?

	
advanced











 





Table 3. Two-way repeated measures ANOVA summary table for the percentage of correct scores pre-test and post-test for each visual literacy comprehension level.
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Class Section

	
Source

	
df

	
MS

	
F

	
p-Value






	
Face-to-face honors

	
Test

	
1

	
7.716

	
0.085

	
0.783




	

	
Comprehension level

	
2

	
3381.6

	
7.736

	
0.009 *




	
Test * comprehension level interaction

	
2

	
13.50

	
0.245

	
0.787




	
Within groups

	
10

	
55.17

	

	




	
Online

	
Test

	
1

	
30.864

	
1

	
0.363




	

	
Comprehension level

	
2

	
3613.04

	
14.748

	
0.001 *




	
Test * comprehension level interaction

	
2

	
48.23

	
0.874

	
0.447




	
Within groups

	
10

	
55.170

	

	








* Note—MS  =  mean squares, p-value is based on meeting Mauchly’s Test of Sphericity, * denotes a statistical significance of p < 0.05.













 





Table 4. One-way ANOVA summary table for percentage of correct scores for the midterm exam for each visual literacy comprehension level.
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Class Section

	
Source

	
df

	
MS

	
F

	
p-Value






	
Face-to-face honors

	
Comprehension level

	
2

	
54.01

	
0.179

	
0.840




	

	
Within groups

	
6

	
300.93

	

	




	
Total

	
8

	

	

	




	
Online

	
Comprehension level

	
2

	
378.09

	
0.590

	
0.583




	

	
Within groups

	
6

	
640.43

	

	




	
Total

	
8

	

	

	








Note—MS = mean squares, p-value is based on meeting Levene’s test of homogeneity.













 





Table 5. Independent sample t-test exam scores for FTF sections with and without a visual literacy intervention (VL).
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	Class Section
	N
	Mean
	SD
	t
	df
	p-Value
	Significance





	Face-to-face honors with VL
	59
	76.2
	11.7
	−4.85
	115
	0.015
	*



	Face-to-face honors without VL
	58
	62.6
	11.7
	
	
	
	







*—Same as Table 3













 





Table 6. Independent sample t-test exam scores for online sections with and without a visual literacy intervention (VL).
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	Class Section
	N
	Mean
	SD
	t
	df
	p-Value
	Significance





	Face-to-face honors with VL
	64
	69.0
	14.0
	−1.178
	100
	0.242
	NS



	Face-to-face honors without VL
	38
	65.5
	14.9
	
	
	
	










 





Table 7. Independent ample t-test assessment scores for FTF sections with and without a visual literacy intervention.
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	Class Section
	N
	Mean
	SD
	t
	df
	p-Value
	Significance





	Face-to-face honors with VL
	16
	70.5
	25.5
	−0.586
	30
	0.562
	NS



	Face-to-face honors without VL
	16
	65
	27.8
	
	
	
	










 





Table 8. Independent ample t-test assessment scores for online sections with and without a visual literacy intervention.
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	Class Section
	N
	Mean
	SD
	t
	df
	p-Value
	Significance





	Face-to-face honors with VL
	16
	62.5
	32.5
	−0.011
	30
	0.991
	NS



	Face-to-face honors without VL
	16
	62.4
	29.9
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