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Introduction: To develop a foundation of scientific understanding, undergraduate biology students need to integrate ideas about individual concepts into thinking about complex biological systems.

Methods: To investigate the extent to which undergraduate students engage in systems thinking, we conducted a pre-post study with students in a required undergraduate botany course at a small liberal arts college in the Midwest. All students in the study completed a causal map at the beginning and end of the course. Casual maps are similar to concept maps but demonstrate cause and effect relationships rather than other connections included in a concept map.

Results: Analysis showed that the majority of students did see some connections within the system but did not reach a high level of systems thinking.

Discussion: This work highlights the difficulties undergraduate students have with engaging in systems thinking but provides important insight into the particular areas in which students do engage in more complex thinking and areas in which we can specifically target with instruction and intervention.
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Introduction

To develop a foundation of scientific understanding, undergraduate biology students need to understand causal interactions within biological systems. This need is highlighted in Vision and Change (AAAS, 2011). Specifically, within the biological sciences, undergraduate students should develop understanding of “complex biological processes through an elucidation of the dynamic interactions among components of a system at multiple functional scales” (AAAS, 2011, p. 13). Developing a system dynamics perspective occurs through asking students to use complex causal reasoning to understand how interconnected components occur within the system (Mehren et al., 2018; Verhoeff et al., 2018; Mambrey et al., 2020). When students are able to make these connections, then they are able to conceptualize causal effects as both linear, non-linear, and separated by time and space (Jacobson, 2001).

According to Momsen et al. (2022), there is an “implicit understanding that ‘system’ encompasses both the entities it comprises and the operational rules that govern how these entities interact.” (p. 2). Systems thinking is the ability to understand how systems work and how changes in a system affect the other parts of the system (Evagorou et al., 2009; NRC, 2011; Momsen et al., 2022). Helping students engage in systems thinking is needed because thinking about systems is a fundamental aspect of understanding biology more broadly (Momsen et al., 2022). As thinking about systems requires understanding causal relationships, causal reasoning is also an important skill for students to master. In addition to highlighting Systems as a Core Concept, Vision and Change (AAAS, 2011) calls for a Core Competency of Ability to Use Modeling and Simulation. Modeling is one of the tools scientists use to describe living systems (AAAS, 2011). Therefore, supporting students to use modeling can help them to engage in thinking about thinking and develop both a Core Competency and a Core Concept (AAAS, 2011).

To investigate the extent to which undergraduate students build a system dynamic perspective, we used the causal map models they developed at the beginning and end of a botany course at a small liberal arts college as pre/post measures. We asked the following research questions:

1. To what extent do undergraduate students engage in systems thinking about an ecosystem?

2. How do undergraduate students reason about the causal relationships within an ecosystem?

3. What factors do undergraduate students prioritize when they consider causal relationships within an ecosystem?



Literature review


Ecosystem dynamics

The goal of our work is to support students in developing systems thinking about socio-ecological systems (SES). SES “seeks to overcome the dichotomy between natural and social systems by viewing the interrelationship between society and nature as a system in its overall context” (Mehren et al., 2018, p. 688). While ecosystems are frequently taught in K-12 instruction and course foci within undergraduate instruction, embedding frameworks to include SES within the classroom is rare (Sterk et al., 2017; Mehren et al., 2018). Overall, there are few studies that consider the complexity of undergraduate students’ causal reasoning about SES (Davis and Stroink, 2016; Sabel et al., 2017). Yet, understanding the interrelationship between societal systems and ecosystems is crucial as “human actions transform ecosystems with consequences for human livelihoods, vulnerability, and security” (Sterk et al., 2017, p. 109). This concern is particularly salient when considering plant life.

Plants are the foundation of all life on Earth, so it is critical that students understand the criticality of plants within ecosystems as well as SES. Yet, there are few studies that explore if and how undergraduate students causally reason about plant function (e.g., Zangori and Koontz, 2017; Busta and Russo, 2020) and we could not locate studies that explore how undergraduate students causally reason about plants in SES. For these reasons, this study takes place within a botany course. The course focus was supporting undergraduate students in understanding the plant as a system as well as a critical component of ecological and societal systems.

An important part of considering relationships within ecosystems is reasoning about causes and effects. Causal reasoning occurs as students are able to link the components together within the system to realize causal patterns that span time and space. We draw on an ecological literacy framework proposed by Jordan et al. (2009) which is intended to build students’ causal reasoning through three elements:

• Ecological links: understanding interrelationships between ecosystem systems and process.

• Human links: understanding human and human social systems interrelationships within the ecosystem.

• Ecological reasoning: causal reasoning about socio-ecological systems.

The three elements (ecological links, human links, and ecological reasoning) build in causal complexity (Zangori and Cole, 2019). Ecological links are the initial element in which students express ecological relationships, for example recognizing causal relationships between flowers and bees. Human links are separated out from ecological links because emphasis within western schooling tends to be placed on a system boundary that separates humans from ecosystems. This boundary is called the “nature-culture divide” (Bang et al., 2012, p. 303) which can create a barrier to students realizing and reasoning about causal links across systems (Jacobson, 2001). However, being able to successfully consider causal interactions across time and space requires that students conceptualize all inputs into the ecosystem, which includes societal inputs. If ecosystems are taught without considering the interrelationship between ecosystems and societal systems, then students do not have adequate information with which to ecological reason which leads to increased difficulty in understanding how societal systems impact ecosystems and vice versa (Coyle, 2005).

For this reason, we consider the framework to be hierarchical with the top level of complexity as students’ ability to causally reason about the connections between human societal systems, and ecosystems. Reasoning about causal patterns within these systems moves against the cognitive heuristics that students developed as part of their daily lives (Grotzer and Tutwiler, 2014). These heuristics are based on observation and experience in which students interpret cause and effect as simple and linear with centralized control. This is seen most prevalently within students’ understanding of food webs where prey is food for predators while predators maintain control on ecosystem carrying capacity by eating prey (Perkins and Grotzer, 2005). Yet, this simplifies the causal mechanism as a linear relationship between predator and prey (which is easily visible) when the actual mechanism is much more complex and includes a web of relationships within the ecosystem. Other “hidden” causal mechanisms are also crucial to system behavior such as chemical processes through natural ecosystem processes (e.g., photosynthesis, digestion, and biosynthesis) and anthropogenic processes (e.g., excess combustions, and photosynthesis reduction due to forest removal). If a student does not have the opportunity to make all of these processes visible to consider how these processes interact to form system behavior, then it is more challenging for students to build causal complexity (Bennett et al., 2020).



Modeling ecosystem dynamics

For students to consider the ecological and human links and obtain ecological reasoning, then they need a means to make the system components visible. We do this through modeling. Modeling is considered an epistemic practice of science as the act of modeling is central to the development of knowledge by both scientists as well as students’ learning science (Gilbert, 2004). Modeling is a multi-phase process in which, first, students develop a model to answer a question or consider a problem about the causal relationships within a system. This initial model is a 2D diagrammatic model that is a mixture of drawing and writing developed from students’ prior knowledge. Students are able to use this model to reason about the causal relationships within the system and articulate their answer or solution. In this manner, students are accessing and expressing their mental model of the system. The mental model serves as the building block for integrating new knowledge (Schultz et al., 2022). Students use this model as both a reasoning tool and as an evaluative tool to assess their own knowledge about system behavior. As they recognize reasoning gaps in their model, they seek out new ideas to build their conceptual understanding.

Because of our interest in students’ ecological reasoning, we use a specific form of modeling called causal maps (Shin and Jeong, 2021) or within science education literature, referred to as socio-scientific models (Ke et al., 2020). Students create systems models, but the structure of the model forces students to focus on the links between components and use these links to convey causal relationships occurring across time and space within the system boundary (Schultz et al., 2022). This type of modeling is prevalent in other disciplines such as business (Montibeller and Belton, 2006), public health (Pronk and Faghy, 2022) and policy (Buchholz et al., 2007), but not widely used in science education (Ke et al., 2020). For example, Buchholz et al. (2007) created systems maps to assess the sustainability policies of bio-energy systems and recommend using causal mapping to understand and assess the societal and ecological impacts of bioenergy.

As seen from other disciplines, causal map modeling is relevant to socio-ecological systems as they “take social factors into consideration for the purposes of illustrating, explaining and predicting” causal factors within complex systems (Ke et al., 2020, p. 597). Modeling through causal maps is critical to building an understanding of system dynamics because students must consider how each component is causally connected to the scientific phenomenon, if the effect is immediate or delayed, where feedback loops occur within system elements, and if each factor is additive or reductive to the connecting factor (Richardson, 2011). The completed causal map models serve as a leverage for defining overall system behavior. Student construction and evaluation of causal maps have been embedded in secondary geography curriculum to support students systems thinking (Cox et al., 2018) and used to support secondary students’ causal reasoning about evolutionary change (Hanisch and Eirdosh, 2021).




Methods


Context and participants

Our study took place over two semesters and included all students in an undergraduate botany course at a small Midwestern undergraduate liberal arts college. Thirty-eight students (100%) consented to participate in the first semester and 40 students (100%) consented to participate in the second. See Table 1 for demographic information. The course consisted of primarily junior-level (3rd year) undergraduate students, was required for all biology majors, and lasted ten weeks as the university operated under a trimester schedule. While the course was introductory in skill level and largely lecture-based, the professor also used a mixture of class discussion, the Socratic method, PowerPoints for students to add information to, worksheets, exposure to primary literature that also involved group activities, and debates that required preparation outside of the classroom. The topics covered included plant anatomy, morphology, physiology, and diversity. Basic ecology was a programmatic (departmental) mandate that was woven throughout the course. Course work included two-unit exams (consisting of a mix of multiple choice, fill-in-the-blank, drawing/labeling drawings, short answer, and short essay questions), class participation and assignments, a class discussion with worksheets and reflections on the book Walden Warming by Richard B. Primack, and a final exam. The final served as a third unit exam with an added section covering material from the entire course. Like the two-unit exams, the format was a mix of question types.



TABLE 1 Student demographic information.
[image: Table1]

The course also required concurrent enrollment in a weekly, two-hour long botany lab, which constituted 20% of the overall grade in the course and included three lab quizzes and an inquiry-based research project. The lab content closely followed the topics covered in class. The research project lasted the entire semester. Students chose a common garden plant with short germination time (e.g., radish, broccoli, turnip, tomato, white clover, lettuce) and designed and conducted a controlled experiment testing an ecological issue (e.g., amount of water, intensity of light, amount of fertilizer, kind of fertilizer, exposure to UV light, exposure to acid rain, etc.). In addition to the control group, students were required to have three treatment levels of the independent variable. Students worked in teams of four and wrote sections that ultimately were put together in a PowerPoint poster as if they were going to present it at a professional meeting. This study was intended to determine whether students develop systems thinking during a class that discussed many aspects of systems thinking but did not provide specific instruction on how to think about systems or causal relationships among various aspects of systems. In this way, we were examining a “business as usual” course. Future work will focus on more directed instruction on both systems thinking and consideration of causal relationships.



Causal map assignment

To develop a scaffold to support students in systems thinking, we used the FRAMER scaffold design framework (Sabel, 2020). In the first semester, we assigned a causal mapping activity before and after the semester took place. Causal maps are a type of concept map but instead of writing a word to describe the relationship on the connection between concepts, students write a plus or minus sign to indicate whether the causal relationship is positive or negative (i.e., it is increased or decreased). We instructed students how to construct a causal map via a handout and gave them a picture of an environment very similar to their own. Students were instructed to base their causal map on the environment picture. We did not administer any extra instructions beyond what a causal map was and how to make one.

In the second semester, we included a short activity published by the Institute of Play (2020). The activity included a definition of a system and various characteristics of systems that students could use to better understand how to model a system with their causal maps. After the activity was introduced, the students completed their causal maps in the same manner as the first semester, with the same model environment picture.

To assist students in building their causal map with a particular environment in mind, we included a picture of an environment that included objects like crops, a farmer, a cow, a factory, water, etc. (see Figure 1). The prompt for the causal maps was, “What roles do plants play in the environment shown?” Students answered this by drawing a causal map of their own about the environment described above. The entire assignment is included in Appendix A.

[image: Figure 1]

FIGURE 1
 Picture of an environment students were asked to consider for development of their causal maps.


Students were also asked to answer two questions about their causal map: (1) explain how your causal map demonstrates the relationships of plants and the environment? and (2) if someone, a non-scientist, asked you to explain how plants connect to everyday life or situations, how would you answer using your causal map?



Data analysis

The maps were coded using a rubric developed specifically for this study. The rubric was developed using an ecological framework (Jordan et al., 2009) and a systems reasoning framework (Hokayem and Gotwals, 2016). We chose these frameworks and adapted them to our rubric specifically because we wanted to take both an ecological and a systems approach to see how much students know about plants and their role in the environment. Using these frameworks, we developed a rubric based on the factors we saw in the causal maps. The rubric included five scoring criteria: plant links, human links, ecosystem links, causal reasoning, and systems reasoning. All of the criteria had a range of 0 to 3, 0 being the lowest score and 3 being the highest. See Appendix B for the entire rubric.

When assessing the criterion plant links, we considered the presence or absence of plants as a part of the requirement, as well as the presence or absence of both producer/consumer and photosynthetic relationships involving plants. For human links, we focused on whether or not humans were included, as well as how humans were integrated into the map using multiple relationships. For ecosystem links, we focused on whether or not students used both abiotic and biotic factors in their maps equally. For causal reasoning, we considered whether students included a causal relationship on every connection they indicated, and if so, how correct those relationships were. For systems reasoning, we evaluated the level of interconnectivity of the map, as well as a clear flow of ideas and the presence of one or more causal loops. Two authors completed multiple rounds of co-scoring and rubric revision on ten of the student responses (13% of total maps), until we reached an instrument that fully captured the students’ responses, and we obtained a high interrater reliability (86% agreement). We then scored an additional ten student responses reaching a total of 20 dual-coded causal maps (26% of total maps) and reached 100% agreement following discussion. The first author then completed the remaining scoring alone which consisted of 18 causal maps from semester one, and 40 causal maps from semester two.

We coded all the causal maps according to our rubric and took averages for each criterion in the rubric, as well as an overall score for how well students did by adding the score on each criterion together. The highest score possible was 15 and the lowest score possible was zero. With that data, we completed a one-way repeated measures ANOVA to determine if there was a significant difference between pre and post scores. We repeated this process for both semesters and compared pre-test answers using an Independent Samples T-test to determine equivalency of scores between both semesters before causal maps were administered. We completed a second Independent Samples T-test to compare post-test scores among the 2 semesters to determine if the group with the scaffold in the second semester performed better than the group in the previous semester.

To evaluate the questions students answered after drawing their causal maps we began with the framework for systems thinking developed by Mehren et al. (2018) as utilized by Mambrey et al. (2020). This framework is defined by three stages of progress toward developing skills of systems thinking. We used qualitative open coding to determine if we could identify a similar type of hierarchy regarding systems thinking in their responses. To do this, we first identified whether or not students identified cause-and-effect relationships and feedback loops. We found a clear connection between recognizing systems relationships with the extent to which students included and described their feedback loops. We were able to determine three stages based on how students (1) identified simple cause and effect relationships, (2) identified multiple different cause and effect relationships within the system, or (3) noted multiple complex relationships within the system while including multiple feedback loops. See Table 2 for the stages of systems thinking we identified in the written responses.



TABLE 2 Stages of understanding of systems thinking.
[image: Table2]

In Stage 1 for Mehren et al. (2018) students “identified a low number of elements and relations mainly isolated or monocausal and as a vague set of relationships.” In comparison, in our Stage 1, students only identify minimal cause and effect relationships within the system. In Stage 2 for Mehren et al. (2018), “the student is able to identify moderate number of elements and relations and they are mainly linear.” This is similar to what we found in our data: students identified a moderate number of cause-and-effect relationships within a system but included little to no feedback loops. Finally, Stage 3 for Mehren et al. (2018) was reached when a “student was able to identify a high number of elements and relations and they were mainly complex and highly differentiated sets of relationships and as part of nested systems.” In our scale, students scored as Stage 3 when they were able to identify multiple complex relationships within the system and be able to identify multiple feedback loops.




Results


Causal map scores

We used one-way repeated measures ANOVA to analyze the changes in causal map rubric scores and found that the only aspect of the causal maps that students improved upon over the semester was using Ecosystem links (p < 0.05). This indicates that students did not improve their abilities to use causal maps to explain their views on plants and their role in the environment, except for with ecosystem links. See Table 3 for results from the first semester and Table 4 for the results from the second semester. Note that the pre to post difference in the scores for Ecosystem links was only significant in the first semester, but not in the second semester.



TABLE 3 Pre/post causal map scores for semester 1.
[image: Table3]



TABLE 4 Pre/post causal map scores for semester 2.
[image: Table4]

An Independent Samples T-test indicated few differences in pre or post scores between the first and second semesters. For the pre-test, first semester scores were significantly higher than second semester scores for Causal Reasoning and Explanation to non-scientists (Table 5). However, we saw no significant differences in any categories when we compared the post-tests between the first and second semesters (Table 6).



TABLE 5 Comparison of pre-test causal map scores between semester 1 and 2.
[image: Table5]



TABLE 6 Comparison of post-test causal map scores between semester 1 and 2.
[image: Table6]

Because a significant difference in Ecosystem links occurred only in one semester and differences between the semesters were limited to two categories in the pre-test, but not the post-test, we conclude that the trends indicate no real differences between pre and post or between the first and second semesters.



Focus on human links

To further examine what students included in their causal maps, we chose the category of human links. This category was not significantly different from pre to post, however, we found it interesting how few students included contributions from humans in their causal maps even though a human, and human-related items (factory, car, etc.) were included in the picture students were shown. Figure 2 shows the distribution of causal map scores across all assignments in both semesters. Most students fell into the score categories of 1 and 2 in all the assignments indicating most included some aspect of how humans interact with the environment, but most did not to a high degree.

[image: Figure 2]

FIGURE 2
 Number of causal maps assigned to each human links score category.


In the first semester, we found that five students fell above and five students fell below one standard deviation of the mean for the pretest. Of the 26 students who were within 1 standard deviation of the mean, 12 were above it and 14 were below it. A high scoring map completed by a student who received a 12 out of a possible 15 points overall for their second map in the course connected plants to both food and photosynthesis; included humans as a connection to oxygen, carbon, and food; included approximately equal numbers of both biotic and abiotic factors in their map; indicated clear and correct causal relationships; and had a highly interconnected map with nested causal loops as a central figure. However, another student received a 1 out of 15 on their causal map. One reason for this is that the student likely did not understand the point of the exercise as they primarily referred to photosynthesis in their map, but they also did not specifically talk about plants at all. They did not include humans in their map, all of their ecosystem factors were abiotic, they indicated no causal relationships on their map, and all of the relationships considered on the map were linear and not at all interconnected.

Figure 3 shows examples of causal maps that received each level of scoring.

[image: Figure 3]

FIGURE 3
 Examples of each level of causal map scoring. (A) Score of 0. No mention of humans or any human-caused phenomena. (Participant 11, pre-test causal map). (B) Score of 1. Human-caused phenomena (e.g., agriculture, pollution, wind energy) are mentioned, but humans are not. (Participant 8, post-test causal map). (C) Score of 2. Humans are mentioned on the map but are isolated from the other ideas present. (Participant 40, pre-test causal map). (D) Score of 3. Humans are present and so are human-caused phenomena (e.g., cars, gas, factory pollution) and humans are highly connected with the rest of the ideas on the map, as well as the human-caused phenomena. (Participant 12, pre-test causal map).


Score of 0. In Figure 3A, the student did not refer to “humans,” or, “people,” and did not include any type of concept that is directly related to or caused by humans. Every other item on the map is something found in nature and not focused on humans in a socioscientific context.

Score of 1. In Figure 3B, the student included components such as, “factories,” “cars,” “pollution,” “agriculture,” and even, “jobs” which are all concepts relating to what humans do in an environment. However, this student did not actually use the word, “humans,” or, “people,” in their map either, despite the fact that many of the concepts included in the map are directly caused by humans in a socioscientific context.

Score of 2. In Figure 3C, the student included the word, “humans,” in their pre-test map, however, humans have only one connection to the rest of the map and are largely separated from all of the other elements appearing in the map. Additionally, the word, “humans,” is only connected to the word, “oxygen,” which is not a concept directly caused by humans in a socioscientific context.

Score of 3. In Figure 3D, the student included the word, “people,” but also included several connections between, “people,” and other elements of the map. There are seven total connections between the element, “people,” and other concepts in the map. Of those seven, three can be thought of as concepts directly caused by humans in a socioscientific context. “People” is connected to “cars,” “gas,” and “factory pollution,” all of which are related to human impacts on the environment. The other four elements connected to the term, “people,” are “oxygen,” “cows/livestock,” “energy production,” and “produces O2 and CO2 to help balance [the] environment,” which is the central idea of the map. These connections point to an understanding of how humans are dependent upon plants for oxygen, and how we have domesticated cows for agricultural use.



Written answers to questions

To analyze students’ systems thinking understanding and level of use in the answers to the questions about their causal maps, we developed a modified scale using the chart of Skills of Systems Thinking developed by Mehren et al. (2018) and as utilized by Mambrey et al. (2020). Qualitative analysis revealed three levels of systems thinking within students’ answers to the questions (see Table 2). At Stage 1, students provided a vague level of understanding when trying to comprehend the benefit of drawing causal maps. At Stage 2, students made moderate connections between plants and the environment but did not elaborate with specific examples that would help them to create broader connections. At Stage 3, students identified multiple different connections relating to plants and the environment. These connections were complex and identified specific examples.

Question 1. In Question 1, students were asked to “Explain how your causal map demonstrates the relationships of plants and the environment.” Students were asked to answer this question about both their pre-class and post-class causal maps. Analysis of Pre-Question 1 showed that 21 out of the 40 students fell into Stage 2 of the level of utilizing systems thinking regarding explaining their causal maps (Table 7). This conveys that students were only making moderate or broad connections when attempting to demonstrate the relationships between plants and the environment. For example, one student said “Plants help to reduce emissions in this environment. It shows that pollution, cars, structure, electricity, etc. add problems for plants to clean up” (Student 24).



TABLE 7 Scores in each stage for each question.
[image: Table7]

This is considerably more complex than a student who scored in Stage 1 who simply said, “Plants allow for survival” (Student 4). The response given by this student shows a vague level of understanding when making connections between plants and the environment. Students who scored in Stage 3 wrote a well-developed answer that made use of specific connections between plants and the environment. For example:


My causal map demonstrates the interconnected relationships that plants have within the environment. Plants use CO2 (product of many living things) to produce O2 (necessity of many living things). Taking in CO2 in a large amount can be considered a carbon sink, returning the carbon from the air back into the ground. Not only do plants produce CO2, but they also create habitats for living things and produce resources living things can use (wood, food, etc.). Agriculture plays a big role in the production of food for humans, but with this, both positive and negative effects occur. Over usage of land results in desertification. Over usage of fertilizers results in runoff and dead zones, negatively impacting surrounding ecosystems. Agriculture allows humans to have time to do other things besides hunting and gathering (the old way of collecting food) showing a positive impact. Plants play a larger role in everyday life, one that many do not realize (Student 38).
 

This response makes several connections between the positive and negative impacts on the relationship between plants and the environment. Of note, all Stage 3 responses were much longer and contained more details than either Stage 1 or Stage 2 responses.

When this question was administered again at the end of the semester, results showed the majority of students falling in Stage 1 (17 out of 40) and Stage 2 (16 out of 40) (Table 7). Students showed minimal improvement, or no improvement at all, in their responses between the pre-class and post-class assignments.

Question 2. In Question 2, students were asked “If someone, a non-scientist, asked you to explain how plants connect to everyday life or situations, how would you answer using your causal map?.” Analyzing the results from Pre-Question 2 showed that, as with Pre-Question 1, 19 out of 40 students fell in the Stage 2 category (Table 7). For example, a student who scored in Stage 2 wrote, “Without plants we would not have air, a lot of shelter comes from trees, food, etc. Plants are necessary for survival” (Student 4). This student expressed why plants are important and the different components we gain from them but did not rank in Stage 3 because they did not draw specific connections to everyday life.

A student who scored in Stage 1 wrote, “It represents how so many different factors in the environment can be correlated and have an impact within society” (Student 14). This student scored in Stage 1 because, although they mentioned that many different components are related, they did not include specific factors and how those factors impact the environment.

Analysis of answers to Post-Question 2 exhibit nearly the same results as Pre-Question 1, most students scored as Stage 2. We did not see an enhancement in the development of the responses from the pre-class to the post-class assignment. For example, a student who ranked at Stage 2 for Pre-Question 2 stated, “My causal map shows how plants help maintain the lives of all living organisms and how everything feeds off each other. Plants feed off the CO2 that humans produce, and humans feed off all of the benefits plants give us” (Student 40). When asked the same question again in Post-Question 2 the student stated, “My causal map shows how humans can use plants in many different ways. We need them because they produce oxygen for us, food, shelter, medicine, and many other things without plants it would be very difficult for us to exist,” and again scored in Stage 2.

In both Pre- and Post-question 2, few students scored in the Stage 3 level of drawing connections (eight out of 40 for Pre-Question 2 and seven out of 40 for Post-Question 2) (Table 7). A Stage 3 answer requires multiple connections between plants and the environment and would thoroughly explain how those connections are important. A student who scored in Stage 3 for Post-Question 2 stated,


My causal map would show them what plants do for every day like through the simple points made in the causal map. The plant provides oxygen, income, food, oxygen, and consumes CO2. The oxygen, income, food, and sustainability of life are where we receive from plants while CO2 is what is removed. CO2 emission affects the amount of oxygen made and the amount of cash crops (food) affects income” (Student 21).
 

We found little to no improvement in regard to drawing more in-depth connections within the environment. For example, a student who scored in Stage 1 for Pre-Question 2 states, “They’re need[ed] for survival because you need O2 to breathe and need to live off of it” (Student 10). When asked again in Post-Question 2, the students wrote “We need them to breathe and eat and make money. They’re essential for us to live,” which again scored in Stage 1. Because we saw 21 out of 40 students scoring in the Stage 2 category, we can conclude that many students tend to make broad connections rather than making specific connections with a variety of different components.

Next, we analyzed the extent to which students changed stages in their answers to the questions between the pre- and post-assignments. We saw students who improved to a higher stage, remained at the same stage, and who regressed to a lower stage. For Pre- to Post-Question 1 we found that a total of nine students improved, 20 were unvarying, and ten regressed (Table 8). For Pre- to Post-Question 2, eight improved, 22 remained the same, and nine regressed (Table 8).



TABLE 8 Pre- and post-assignment totals for question 1 and 2.
[image: Table8]

As shown in Figure 4, of the students who were categorized in Stage 1 for Pre-Q1, five improved to Stage 2, while seven stayed at Stage 1 in their answer to Post-Q1. No students scoring in Stage 1 for Pre-Q1 increased to Stage 3 in Post-Q1. For students placed in Stage 2 for Pre-Q1 we found that four improved to Stage 3, ten remained at Stage 2, and seven regressed to Stage 1 when answering Post-Q1. Finally, of the students placed in the Stage 3 category for Pre-Q1, three remained in Stage 3 while three regressed down to Stage 1 when answering Post-Q1. We attribute this last regression to students not taking the second assignment as seriously as the first.

[image: Figure 4]

FIGURE 4
 Analysis of the number of students who improved to a higher score, remained at the same score, or regressed to a lower score between the Pre- and Post-answers to Question 1.


As shown in Figure 5, of the students who were categorized in Stage 1 for Pre-Q2, five improved to Stage 2 and seven remained at Stage 1 in their answers to Post-Q2. As with Question 1, no students who scored in Stage 1 increased to Stage 3. For students categorized as Stage 2, three improved to Stage 3, ten remained in Stage 2, and six regressed to Stage 1 for Post-Q2. Lastly, of the students in the Stage 3 category, four remained in Stage 3 while three regressed to Stage 2 and one regressed to Stage 1 for Post-Q2.
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FIGURE 5
 Analysis of the number of students who improved to a higher score, remained at the same score, or regressed to a lower score between the Pre- and Post-assignments for Question 2.





Discussion

Undergraduate biology programs should include opportunities for students to engage in complex biological processes and causal reasoning to understand how interconnected components are necessary for systems to function linearly, non-linearly, and across time and space (Jacobson, 2001; Evagorou et al., 2009; AAAS, 2011; NRC, 2011; Mehren et al., 2018; Verhoeff et al., 2018; Mambrey et al., 2020). Thinking about systems requires students to both understand that a system is both the entity and how the entities interact (Momsen et al., 2022). While the term “ecosystem” is often taught across the K-16 spectrum, it is rarely done so without systems thinking, particularly with how natural and social systems are intricately linked (Mehren et al., 2018; Sterk et al., 2017). Further, little work has focused on how undergraduate students engage in causal reasoning socio-ecological systems (Davis and Stroink, 2016; Sabel et al., 2017).

Vision and Change (AAAS, 2011) included Systems as one of the five Core Concepts and Modeling and Simulation as a Core Competency. Modeling is an important part of the development and integration of scientific knowledge (Gilbert, 2004; Schultz et al., 2022). Integrating modeling with systems thinking requires students to also develop causal reasoning. This, too, is challenging for students because of the difficulty in considering both natural and societal aspects of systems such as ecosystems (Jacobson, 2001; Coyle, 2005; Jordan et al., 2009; Bang et al., 2012; Zangori and Cole, 2019). Our focus on ecosystems in this study is, in part, because of this interaction between nature and society. In addition, little research has focused on how students reason about plant function and how plants are a crucial part of ecosystems (e.g., Zangori and Koontz, 2017; Busta and Russo, 2020; Parsley et al., 2022).

In this study, we focused on the use of causal maps as a form of modeling causal relationships within ecosystems (Shin and Jeong, 2021). Although causal modeling has been used in other disciplines (Montibeller and Belton, 2006; Buchholz et al., 2007; Pronk and Faghy, 2022), they have been only limitedly utilized in science education (e.g., Cox et al., 2018; Ke et al., 2020; Hanisch and Eirdosh, 2021). This focus on causal relationships is not something that students typically consider in their daily lives beyond linear reasoning such as in food webs (Perkins and Grotzer, 2005; Grotzer and Tutwiler, 2014). Therefore, it is important for students to have exposure to causal complexity such as feedback loops for them to develop causal reasoning and systems thinking skills (Richardson, 2011; Bennett et al., 2020).

In our first research question, we asked “To what extent do undergraduate students engage in systems thinking about an ecosystem?” We found that the majority of students fell into mid-range scores meaning they did see some connections within the system but did not reach a high level of systems thinking. We did not see an improvement in the causal maps from pre to post except among ecosystem links and then only in the first semester. One reason for this result may be that students did not have prior experience with using causal maps and may not yet have had the skills necessary to demonstrate connections. While they may have recognized part of the system, it seems they did not fully consider the system itself or how the entities interact (Momsen et al., 2022). It seems students also exhibited the difficulty in merging both natural and society aspects of the ecosystem they were asked to analyze as previously described (e.g., Jacobson, 2001; Coyle, 2005; Jordan et al., 2009; Bang et al., 2012; Zangori and Cole, 2019). Therefore, future work will need to focus on providing more foundational work on thinking about systems both as a whole and as the entities that make up the whole, as well as considering both natural and societal impacts on the system.

In our second research question, we asked “How do undergraduate students reason about the causal relationships within an ecosystem?” The only significant difference we found in the causal reasoning category was between the pre-tests of semester 1 and semester 2. This indicated there may have been a difference in how students came into the class thinking about causal relationships, but it did not last from pre- to post-assignment in a single semester. In the written responses to the questions accompanying the causal maps, we also saw little usage of feedback loops or connections that went beyond simple, linear relationships. Again, this aligns with previous work that has shown it is rare that students consider causal relationships beyond linear reasoning (Perkins and Grotzer, 2005; Grotzer and Tutwiler, 2014). Future work will need to focus on how to engage students in reasoning that will allow them to consider complexity in relationships in ways that are non-linear and that span time and space (Jacobson, 2001; Evagorou et al., 2009; AAAS, 2011; NRC, 2011; Mehren et al., 2018; Verhoeff et al., 2018; Mambrey et al., 2020).

In our third research question, we asked “What factors do undergraduate students prioritize when they consider causal relationships within an ecosystem?” We found little consistency in what students considered beyond including the basic features found in the ecosystem picture they were given with the assignment and topics they had previously learned were associated with plants and ecosystems (i.e., photosynthesis). However, although humans and human-related factors were included in the assignment picture, few students included human-related causes and effects in their causal maps or in the answers to the questions following the causal maps. Again, this points to the difficulty students have with considering both natural and societal aspects within systems (Jacobson, 2001; Coyle, 2005; Jordan et al., 2009; Bang et al., 2012; Zangori and Cole, 2019). Future work will need to focus on how to help students understand the multiple factors involved in systems thinking.

Overall, our work has further shown many of the aspects of systems thinking that were already known. However, we have expanded that knowledge to include undergraduate biology students. We show that the problems with systems thinking observed in K-12 students persist into undergraduate courses. This highlights the importance of prioritizing thinking about systems in undergraduate education, particularly as it has been identified as a Core Concept of biology (AAAS, 2011). While the use of a causal map assignment did not significantly improve students’ engagement in systems thinking, this study did help us to better understand the particular challenges we need to address to better support undergraduate students in both the Core Concept of Systems and the Core Competency of Modeling (AAAS, 2011). This study was intended as a pilot to determine whether students develop systems thinking during a class that discussed many aspects of systems thinking but did not provide specific instruction on how to think about systems or causal relationships among various aspects of systems. Therefore, we did not expect students to improve dramatically, however, we were still surprised by the consistent lack of improvement given consideration of systems (even though not systems thinking) in the course. Future work will focus on more directed instruction on both systems thinking and consideration of causal relationships.

This study is limited because of the small sample size within the botany course and limited time within the semester to complete the study and administer the causal maps. However, it has important implications for undergraduate biology instructors as they consider how to teach students about botany topics either in stand-alone botany courses, or as part of general biology or ecology courses.
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