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A male hoverfly (Photo by Alvesgaspar, CC BY-SA 3.0, via Wikimedia Commons)

THE ISSUE:
Maize (also known as corn) has played an important role in human agriculture ever since its domestication by indigenous peoples of Mexico some 10,000 years ago. The crop is now planted across the world, including in China. However, several invasive pests, including the fall armyworm Spodoptera frugiperda, have threatened this crop and lowered yield. Eupeodes corollae, an endemic syrphid hoverfly, has been proposed as a biological control agent. Here, students will explore the antagonistic relationship between S. frugiperda and E. corollae, with both species feeding on larvae of the other species and learn about type III functional responses. This Figure Set teaches about a reciprocally antagonistic ecological system, with systems and evolution being cross-cutting themes of the 4-Dimensional Ecology Education (4DEE) framework. In addition, this Figure Set also facilitates students’ examination of environmental ethics (as pertaining to biological control agents) and agricultural ecosystems, allowing for students to learn about human-environment interactions. 


FOUR DIMENSIONAL ECOLOGY EDUCATION (4DEE) FRAMEWORK
· Core Ecological Concepts:
· Ecosystems
· Trophic levels
· Predation
· Networks
· Regulators
· Ecology Practices:
· Quantitative reasoning and computational thinking 
· Data analysis and interpretation
· Designing and critiquing investigations
· Evaluating claims
· Working collaboratively
· Human-Environment Interactions:
· Ethics
· Environmental ethics
· How humans shape and manage resources/ecosystems/the environment 
· Agricultural ecosystems
· Cross-cutting Themes:
· Systems 
· Spatial and temporal 
· Evolution 

STUDENT-ACTIVE APPROACHES:
Think/pair/share, jigsaw 

STUDENT ASSESSMENTS:
Instructors can collect responses to the questions in this Figure Set as a formative assessment or may alternatively wish to transform some of these questions into multiple-choice clicker questions as students are working on the Figure Set.

CLASS TIME:
One 75-minute class period

COURSE CONTEXT:
Mid- to upper-level ecology class for biology majors; requires students to be familiar with predator-prey interactions, trophic levels, interspecific competition, evolutionary mechanisms, and type I and II functional responses. This Figure Set could be used in conjunction with Jean et al. (2023), which introduces Type I and Type II functional responses (https://tiee.esa.org/vol/v19/issues/figure_sets/jean/abstract.html).
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OVERVIEW
WHAT IS THE ECOLOGICAL ISSUE? 
Maize (Zea mays), typically known as corn to consumers, is a major agricultural crop that is used extensively for food, industrial processes, and fuel (Erenstein, Jaleta, Sonder, Mottaleb, & Prasanna, 2022). Demand for maize is expected to increase steadily in the coming decades, driven by increases in human population and the corresponding increase for maize as animal feed (Hubert, Rosegrant, van Boekel, & Ortiz, 2010). Thus, given this importance of maize, it is critical for ecologists to better understand the potential threats to maize production in order to mitigate such threats.

This Figure Set examines efforts to protect maize production in China, which is one of the world’s leading producers of maize. The country ranks second (behind the United States) in total maize production and produces over a fifth of the world’s maize each year, highlighting the importance of investigating ecological interactions that may impact maize production (Hou et al., 2020; Ranum, Peña-Rosas, & Garcia-Casal, 2014). One of these threats is the fall armyworm (Spodoptera frugiperda), an agricultural pest that is native to North and South America. This armyworm is migratory and has been rapidly expanding its range to other locations, reaching China in December 2018 and causing damage to over one million hectares of maize and other crops in each of the following years (Tay, Meagher, Czepak, & Groot, 2023; Zhou, Wu, Zhang, & Wu, 2021). The emergence of this invasive species, and the subsequent ecological and agricultural consequences of this introduction, have necessitated a search for strategies to combat the pest. 

One strategy that has been proposed is the use of biological control agents, i.e., the release of other organisms to limit a pest population’s growth. One possible biocontrol agent is the hoverfly Eupeodes corollae, which is known to eat S. frugiperda larvae. Interestingly, adult S. frugiperda are also known to prey on E. corollae larvae, leading to bidirectional predation from both species (Li & Wu, 2022). This Figure Set guides students through critically thinking about a series of experiments that investigates this system and interactions between the two species, allowing students to evaluate the potential of S. frugiperda as a biological control agent for maize (Li et al., 2021). In addition to guiding students to think about experimental design, environmental ethics, and human-environment interactions, the Figure Set will introduce the concept of Type III functional responses.  



FIGURE SETS TABLE 

	Figure Set

	Student-active Approach
	Cognitive Skill

	Investigating effects of reciprocal predation: Exploring biological control and type III functional responses 


	Small group work; think/pair/share; jigsaw
	Interpretation, analysis, application



Learning Objectives: 
Students will be able to
· Identify and explain the significance of Type III functional responses
· Compare and contrast Type III functional responses to Type I and Type II functional responses
· Critically interpret graphs showing functional responses
· Explain the significance of biological control agents and the potential impact on agriculture
· Discuss the ethical implications of biological control agents
· Design experiments to test functional responses
· Describe potential impacts of human agriculture on ecosystems
· Predict the impact of various ecological changes, including how they may impact various evolutionary mechanisms (e.g., random genetic drift)

Student Assessment: 
There are several possible modes of assessment. For instance, this Figure Set can be collected and used as a formative assessment, or instructors can transform some of the questions into poll questions. Instructors can also develop questions relating to functional responses for additional homework or quiz questions.

FIGURE SET BACKGROUND
This Figure Set introduces a case study examining efforts to protect the growth of maize (corn), a major agricultural crop, in China, from the fall armyworm (Spodoptera frugiperda). The fall armyworm is an invasive species that migrated to China in December 2018, devastating maize fields and leading to severe declines in maize production. Several options have been considered to control and limit the impact of S. frugiperda, including both the use of pesticides as well as biological control agents. One such potential biological control agent is the hoverfly Eupeodes corollae, which preys on S. frugiperda larvae. 

This Figure Set uses this case study and a series of associated experiments that test predation of E. corollae on S. frugiperda (and vice versa) to introduce students to type III functional responses and guide students to think critically about the different types of functional responses. Questions are also designed to elicit critical thinking about predator-prey interactions, evolutionary consequences, and the bioethics of utilizing biological control agents. The Figure Set requires students to have prior knowledge about type I and type II functional responses. Instructors may wish to consult another Figure Set published in Teaching Issues and Experiments in Ecology that guides students to think about biological control agents and type I and type II functional responses (Hsu, 2018) and deploy this Figure Set as a follow up to the original Figure Set.‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬

STUDENT INSTRUCTIONS B

Part 1: Review of functional responses
We have previously learned how prey consumption rates by predators can be characterized by functional responses. 
1. What are functional responses?

2. How are Type I and Type II functional responses different? Provide a biological explanation for the differences.

3. How might scientists use functional response information about a set (or sets) of species?

Part 2: Introduction to study system and evolutionary connections
We will be exploring functional responses using a case study of maize grown in China. Maize (Zea mays), often sold as corn in grocery stores, is a major agricultural crop and is used for food, industry, and fuel. Demand for maize is expected to increase over the next few decades, largely driven by maize being used for animal feed. China is one of the world’s leading producers of maize.

4. Think about humans planting agricultural crops like maize. How do you think such human activities may impact local ecosystems as well as biodiversity in the area?

5. What could potentially threaten the yield of agricultural crops? Brainstorm and list two to three possible factors that could lead to lower agricultural productivity.

6. One major threat to maize production in China is the agricultural pest Spodoptera frugiperda, also known as the fall armyworm. This armyworm is native to North and South America but spread suddenly to Africa in 2016 and to China by 2019. What ecological factors do you think could contribute to the rapid spread of S. frugiperda? Explain your reasoning.

7. Spodoptera frugiperda has spread from its native range, with several populations of this pest increasing in size. Which evolutionary force is expected to decrease in influence as a population increases in size? What is the impact of increased population size on genetic variation, and why is this important? Explain.

8. Other research has identified that there are high levels of gene flow between populations of S. frugiperda. Predict the impact of this gene flow on genetic variation in S. frugiperda populations and justify your response. 


Part 3: Impacts of fall armyworm and potential solutions
9. The fall armyworm has caused significant damage to maize in China, decimating over one million hectares of this crop. Predict the consequence of the fall armyworm’s invasion on the common cutworm (S. litura), which is a native predator of maize in China. Then draw a graph to illustrate your prediction, labelling all axes.

10. Spodoptera litura has a number of predators, including wasps and other insects. Predict the impact of the S. frugiperda invasion on 1) wasps and other insects that feed on S. litura and 2) on the natural predators of wasps and other insects. Justify your response. Then draw a graph to illustrate your prediction, labelling all axes.

11. The application of pesticides that kill S. frugiperda has been proposed as one potential solution to reduce its damage to maize crops in China. Brainstorm one argument in favor of using pesticides and one argument against using pesticides. Be sure to brainstorm and think about the potential ecological impacts of the use of pesticides. Are there any ethical concerns with using pesticides?

12. Another approach that has been suggested to limit the impacts of S. frugiperda is the use of biological control agents, i.e., the release of natural predators. For instance, the hoverfly Eupeodes corollae is known to eat S. frugiperda larvae. Brainstorm one argument in favor of using biological control agents and one argument against using biological control agents. Be sure to think about the potential ecological impacts of the use of biological control agents. Are there any ethical concerns with using biological control agents?

13. Adult S. frugiperda also prey on E. corollae larvae, leading to bidirectional predation from both species. Predict how such an ecological relationship between these two species may influence population dynamics of both species. What information would be helpful to determine the impacts of this relationship? How could this complicate the use of E. corollae as a biological control agent?

Part 4: Exploring functional responses
14. To investigate the potential effectiveness and impact of E. corollae as a biological control agent, scientists from the China Agricultural University and Chinese Academy of Agricultural Sciences conducted a series of experiments to test the functional response of 1) E. corollae predation on S. frugiperda larvae and 2) S. frugiperda predation on E. corollae larvae. Outline below how you would design an experiment to test such functional responses.

15. Results from one of the experiments are shown below. The different shapes and lines on the graph represent experiments done with different ages (i.e., developmental stages) of predator and prey – these details are not important; instead, focus on the relationship between prey density and the number of prey consumed that is depicted in each of these graphs. How would you describe this relationship? Do these data support 1) a type 1; 2) a type 2; or 3) another type of functional response? Explain and justify your response. 
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Figure 1. A. Functional response curves of different hoverfly (Eupeodes corollae) development stages (represented by the different symbols) feeding on fall armyworm (Spodoptera frugiperda). B. Functional response of fall armyworm (S. frugiperda) feeding on hoverflies (E. corollae) Different developmental stages of the prey are shown with different symbols. Note the different scales between graphs A and B. Figures and captions modified from Li et al. (2021). Reprinted  under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International license (CC BY-NC-ND 4.0).
16. Based on these data, which species likely has a higher rate of absolute predation on the other? I.e., which species will likely be able to eat more than the other species, everything else being equal? Remember to examine the axes values carefully in each of the above graphs. Explain your reasoning.

17. After examining both functional responses, do you think E. corollae would be an effective biological control agent of S. frugiperda in China? Explain your reasoning.

Part 5: Drawing conclusions
18. This type of functional response seen in both graphs is known as a Type III functional response. (Though both graphs show the same type of functional response, you may wish to focus on the lines on the second graph, where it is likely a little easier to visualize the relationship.) Draw a graph that shows type I, type II, and type III responses and label your axes. After drawing this graph, in what ways is Type III a) similar and b) different from type I and type II functional responses? Explain. 

19. Functional responses are often modeled by assuming that predators need time to first locate, handle, and then consume prey. For example, some predators may forage for prey, which may be unevenly distributed in the environment. Predators may search for a while before finding a cluster of prey and recognizing that location as an abundant area for prey. Using this framework, explain the trends seen in the type III functional response.

NOTES TO FACULTY
Overview
This Figure Set is designed for an upper-division ecology class and requires students to be familiar with experimental design, including knowing about controls and independent versus dependent variables. In addition, the Figure Set requires students to have prior knowledge of type I and type II functional responses. The instructor may wish to deploy another Figure Set published by the author in Teaching Issues and Experiments in Ecology that introduces the concept of functional responses and biological control agents (Hsu, 2018). The current Figure Set is designed to augment the original Figure Set published in 2018 (available at https://tiee.esa.org/vol/v13/issues/figure_sets/hsu/abstract.html), which does not include any coverage of Type III functional responses outside of a potential out-of-class extension that asks students to research Type III functional responses. Here, this Figure Set builds upon students’ knowledge of type I and type II functional responses to challenge students to think critically about type III functional responses in the context of authentic experiments involving the fall armyworm Spodoptera frugiperda and the hoverfly Eupeodes corollae. ‬‬‬‬‬‬‬‬‬‬‬‬‬‬‬
These experiments were conducted recently (with the corresponding paper published in 2021) given the spread of the fall armyworm, which is an invasive agricultural pest that has devastated maize and other agricultural crops worldwide (Barros, Torres, Ruberson, & Oliveira, 2010; De Groote et al., 2020; Feldmann, Rieckmann, & Winter, 2019; Goergen, Kumar, Sankung, Togola, & Tamò, 2016; Li et al., 2021; Tay et al., 2023; Zhou et al., 2021). The fall armyworm arrived in China, a major producer of maize, in December 2018, leading agricultural scientists and ecologists to explore different options for controlling the spread and limiting damage to agriculture (Li et al., 2021; Paredes-Sánchez et al., 2021). One of these proposed options was the use of biological control agents, or natural predators of pests, including E. corollae, which is known to feed on larvae of S. frugiperda. Interestingly, S. frugiperda adults feed on E. corollae larvae, leading to reciprocal, bidirectional predation with the two species (Li & Wu, 2022). 
The Figure Set steps students through critically thinking about the potential use of E. corollae as a biological control agent for S. frugiperda, while challenging students to consider ethical implications of using biological control agents and thinking about potential ecological impacts. In addition, the Figure Set guides students to learn and explore about Type III functional responses and interpret the significance of functional responses in the context of evaluating the potential of E. corollae as a biological control agent. 

Structure of Figure Set
The Figure Set contains 19 questions grouped into five parts and is designed to be completed within 75-minute class period, though the time can be adjusted depending on students’ pace. Instructors can also modify the activity by removing questions and learning objectives that they do not feel are relevant to their course or adding additional questions to explore certain themes more in depth. The activity does not require much instructor preparation ahead of time other than distributing the handout, including printing the student handout or posting the handout on a course management system (e.g., Canvas, Moodle, Blackboard, etc.). Instructors have several options on how to structure the activity depending on the size of the class and the availability of additional teaching support (e.g., teaching assistants or learning assistants) in the class.  For instance, instructors are encouraged to have students work together in small groups to answer the questions. For smaller classes, instructors could ask a different group to share their response with the class for each question, leading to a discussion of the key themes in between each question. Instructors wishing for students to spend more time on the activity could ask students to complete the activity individually first in class prior to working together in small groups, or even assign the activity as homework prior to class discussion. For larger classes, instructors could modify some of the questions into poll questions that they could project and use a poll-response system (e.g., TopHat, PollEverywhere) to gather responses from the entire class.

Part I: Review of functional responses
The first three questions of the Figure Set are designed to provide students a chance to review functional responses, given that the Figure Set assumes prior knowledge of Type I and Type II functional responses. The first two questions ask students to define functional responses, which show the relationship between prey density and the rate of predation, and to differentiate between Type I and Type II functional responses. In brief, Type I functional responses show a linear relationship between prey density and the number of prey consumed (i.e., a constant rate of predation). In contrast, type II functional responses show a decreasing rate of predation as the prey density increases, due to limits to predator intake rates as there become too many prey (Holling, 1965). Finally, question 3 asks students to consider why studying functional responses is important. Instructors may wish to highlight that understanding functional responses is critical for studying predator-prey relationships (impacting how ecologists model these dynamics and the impact on other trophic levels as well) and is also important for conservation biology. This latter point will segue well into the rest of the Figure Set, which has students exploring a study involving functional responses of E. corollae to evaluate its efficacy as a biological control agent in China. 

Part II: Introduction to study system and evolutionary connections
In the second part of the Figure Set, students are introduced to the study system. Students are first asked to consider the potential ecological impacts of human agricultural activities, such as the planting of maize. Instructors may also wish to bring up the diversity of other human agricultural activities, which includes the planting of crops, aquaculture, as well as the raising of livestock. Many responses are possible here, and what students respond with may depend on if the class has had any previous discussions on agricultural impacts. Instructors can guide students to think about the impacts of modern agriculture on biodiversity, with agriculture in general decreasing biodiversity due to the loss or modification of natural habitats as well as the depletion of nutrients in the soil, water, or air (McLaughlin & Mineau, 1995; Stoate et al., 2009). In addition, the use of fertilizers and pesticides can have significant negative impacts on natural ecosystems and humans as well (Baweja, Kumar, & Kumar, 2020; Prashar & Shah, 2016). Instructors may wish to make connections to these topics if they have previously discussed these with the class. Students are then asked to consider potential threats to agricultural yield, which include pathogens, climate change, environmental degradation, and invasive species (McDonald & Stukenbrock, 2016; Paini et al., 2016; Sundström et al., 2014). Following this, the Figure Set then introduces the fall armyworm and describes its global spread, asking students to brainstorm potential ecological factors that contribute to its rapid migration to Africa, China, and beyond. Several ecological factors have been highlighted, including its ability to move long distances (thus contributing to higher migratory ability), feed off a variety of agricultural crops (i.e., its status as a generalist), and produce a large number of offspring (De Groote et al., 2020). 
The final two questions of this part tie in evolutionary principles. Question 7 asks students to consider which evolutionary force is likely going to decrease in influence in a population that is expanding. Students should be familiar with the major evolutionary mechanisms of random genetic drift, selection, gene flow, and mutation and should identify that the influence of drift will decrease as a population increases in size, given that the influence of drift is inversely proportion to a population’s size (Ohta, 1973). Students should identify that since drift removes genetic variation, the population will maintain its genetic variation better following the increase in population size, and that genetic variation is important for a species’ resiliency. Similarly, question 8 guides students to think about the influence of gene flow on genetic variation. Gene flow (i.e., movement of individuals between populations that then reproduce in the new population) tends to homogenize populations and increase genetic variation given the potential of migrating individuals to bring new alleles into other populations. Indeed, past work on S. frugiperda have identified high levels of admixture between different populations (Arias et al., 2019). 

Part III: Impacts of fall armyworm and potential solutions
In the next part, students are asked to consider the potential ecological impacts after the emergence of the invasive fall armyworm in China as well as potential solutions to mitigate the threat to maize and other agricultural crops. Students are first asked to predict the impact of S. frugiperda’s emergence in China on the common cutworm (S. litura), a native predator of maize. Instructors can highlight how species with similar ecological niches will compete for access to resources, and how the interspecific competition between the common cutworm and fall armyworm could potentially lead to decreases in the common cutworm’s population if the fall armyworm outcompetes it for access to food (Song et al., 2021). This competitive advantage has been demonstrated in both the lab and the field, and intriguingly, there is evidence that the fall armyworm preys upon immature stages of the common cutworm, accelerating the displacement and potential extirpation of the common cutworm (Song et al., 2021). Students may draw a variety of graphs to illustrate their prediction here; many students will likely draw a bar graph with two groups (before and after the fall armyworm invasion) on the x-axis and population size of the common cutworm (S. litura) on the y-axis. Students should show a lower population size for the common cutworm after the emergence of the fall armyworm.
Next, students are asked to consider the broader ecological impacts of S. frugiperda’s emergence in China by thinking about the impacts on natural predators of the common cutworm, which includes wasps and other insects (Ranga Rao, Wightman, & Ranga Rao, 1993). Students should reason that if the fall armyworm outcompetes the common cutworm, then the population sizes of common cutworms would decrease, thus leading to negative consequences for wasps and other insects that prey on the common cutworm. In addition, instructors may wish to highlight how such trophic interactions may be more complex if the wasps and other insects are generalists and do not depend on eating the common cutworm or are able to feed on the fall armyworm as well. Similarly, assuming that the population of wasps and other insects that feed on the common cutworm decreases, this means that the trophic level above these species may see a decrease in population size if their primary prey population diminishes. Instructors should again highlight the complex nature of such trophic interactions. Instructors may also note that there may be apparent competition between S. frugiperda and S. litura, if wasps and other insects can prey on both species. This term refers to the indirect interaction between two prey species who share a predator, where an increase in one prey’s population size can lead to increases in the predator population size and thus corresponding decreases in the other prey’s population (Holt & Bonsall, 2017). Like the previous question, students may draw a diversity of graphs to illustrate their prediction. Many students will again have a bar graph where the x-axis has groups for before and after the S. frugiperda invasion, and the y-axis is labelled with population size. Students should show a lower number of wasps and other insects that feed on S. litura, as well as a lower number of the natural predators of wasps and other insects, after the invasion.
The next two questions (questions 11 and 12) ask students to consider ethical implications of using pesticides and biological control agents. This question does not presume any previous knowledge about pesticides or biological control. Instead, the question asks students to brainstorm possible ethical arguments for or against the use of pesticides and biological control agents, and instructors can encourage students to bring in knowledge from other contexts (e.g., news articles, etc.) Some students may not be familiar with any of these advantages or disadvantages, and instructors may wish to spark a whole class discussion by listing some of these potential impacts. There are a wide range of positives and negatives for both approaches. For instance, pesticides are often initially very effective at controlling pest populations and may be cost effective, but can also harm a wide range of non-target native species as well and have negative impacts on human health (Kim, Kabir, & Jahan, 2017; Pimentel & Hart, 2001).  Biological control agents, in contrast, are often seen as a ‘natural’ alternative to the use of pesticides and may be more cost-effective than pesticides depending on where the biological control agent is being obtained from. However, there are risks and ethical concerns associated with releasing non-native species into an ecosystem, which may cause negative consequences on non-target organisms or disrupt the ecosystem (Bentley & O’Neil, 1997; Delfosse, 2005; Lockwood, 2001). Similarly, there have been cases, such as with the release of the Asian ladybeetle, where the biological control agent has become a pest itself (Koch, 2003). Instructors who wish to spend more time on these topics may wish to facilitate a class wide discussion or debate on the use of these potential approaches to control pests.
The final question in this part (question 13) asks students to consider the reciprocal predation between the fall armyworm and the hoverfly, where adults of each species will prey on larvae of the other species. Instructors can use this bidirectional predation to emphasize the complex nature of ecological interactions and how such bidirectional predation may limit the population growth of both species, depending on the strength of the predation of each species on the other. Such bidirectional predation may complicate the use of E. corollae as a biological control agent by decreasing its effectiveness, particularly if the invasive S. frugiperda has a greater rate of predation on E. corollae than vice versa. If this is the case, it is possible that an introduction of E. corollae may potentially even increase the S. frugiperda population.

Part IV: Exploring functional responses
Part IV of the Figure Set now challenges students to think about designing experiments and interpreting data from such experiments. The first question (question 14) asks students to outline an experiment to test the functional response of the hoverfly on fall armyworm and vice versa. Students may design either lab- or field-based experiments; in either case, students should recognize that the independent variable should be the prey density, while the dependent variable is the predation rate (i.e., number of prey consumed by each predator). For instance, many lab-based experiments place prey in a petri dish and then introduce a predator before counting the number of prey eaten in a given amount of time. This experiment is then repeated with different number of prey in the petri dish (i.e., different prey densities) to generate a functional response. Experiments in the field would take similar approaches, though in a more natural environment. For instance, such a study could be conducted in the field with field cages placed over a natural habitat of the predator and prey (Xia, Rabbinge, & Van Der Werf, 2003). Instructors may wish to check with students about their experimental designs prior to moving on to question 15, which asks students to interpret authentic results from a study conducted with S. frugiperda and E. corollae (Li et al., 2021). 
Question 15 presents students with published data of the functional response of E. corollae feeding on S. frugiperda and vice versa. Instructors should note that the two graphs have different scales on both the x- and y-axes, and that the first graph provides raw values while the second graph provides mean values. Thus, the first graph plots multiple points for each prey density, while the second graph only depicts one point for each prey density per developmental stage of predator and shows error bars. Here, depending on the size of the class and the pace of the activity, instructors may wish to perform a jigsaw where half of the groups are asked to interpret the results of E. corollae feeding on S. frugiperda larvae (the ‘hoverfly predator’ group), while the other half are asked to interpret the results of S. frugiperda feeding on E. corollae larvae (the ‘fall armyworm predator’ group). Following this, students can re-form groups that contain individuals from both hoverfly predator and fall armyworm predator groups. Such use of a jigsaw can lead to cooperative learning, where students in the second set of groups share their ideas and results from the initial group, leading to potentially richer discussion (Karacop, 2017). However, if instructors are short on time, they can opt to skip the second part of the jigsaw and instead ask for volunteers from both the fall armyworm predator and hoverfly predator groups to share out their ideas with the class. Alternatively, instructors may also assign each group to work with both sets of data.
Students should identify for both sets of data that the functional response is neither a type I nor type II functional response. These functional responses are not type I since they do not show a linear relationship between prey density and the rate of predation; instead, there is a sigmoid (S-shaped) curve. Similarly, while students may initially identify the graph as having similarities with type II functional responses, they are not type II, which show a decreasing amount of predation as the prey density increases. Instead, these functional responses initially show an increasing rate of predation as prey density increases, prior to this rate of predation gradually plateauing. Students should thus recognize that the data shown represents a new type of functional response that they have not previously learned, called a type III functional response. Instructors may wish to guide students to think about these functional responses at low, medium, and high prey densities, and ask students to examine the graphs at each of these intervals. For instance, at low densities the rate of predation should be increasing as the prey density increases. However, at medium densities this rate of predation begins to slow, before finally plateauing at high densities. Instructors should also note that this sigmoidal relationship may be challenging to see given the density of data points in the first graph and is clearer in the second graph. Instructors who wish to extend the activity can also point out to students that the graphs depict different developmental stages of E. corollae and S. frugiperda, which are depicted by the different symbols in the graph, and challenge students to think about why different developmental stages may have different rates of predation, and why there may be greater variation for some of these data.
Next, students are asked to interpret these data. Students should identify that E. corollae likely has a higher rate of predation than S. frugiperda, given that the hoverfly reaches a higher number of prey consumed than the fall armyworm does at maximum predation rates (i.e., the hoverfly reaches a higher asymptote for the number of prey consumed than the fall armyworm does, and would thus likely consume a higher number of prey). The instructor should highlight to students how the researchers used different prey densities in their experiments, leading to the two graphs having different values for the axes. Despite this greater rate of predation for E. corollae, instructors may wish to highlight the limitations here, including the fact that lab-based approaches (as seen in the experiment here) may not capture the true complexities of ecological interactions that are seen in the field, and that many factors may influence the true rate of predation in the wild. Similarly, natural ecosystems may not be able to sustain the prey densities tested in such lab-based experiments. Despite these limitations, students should recognize that if E. corollae has a significantly higher rate of predation on S. frugiperda than the other way around, then this would support the use of E. corollae as a biological control agent given its potential to consume more S. frugiperda than the other way around. Instructors may wish to guide students here given that the two graphs show different values on the x-axes by asking students to compare how many of each prey is eaten at an equal level of prey density. For example, instructors could ask students to consider a scenario where prey density is equivalent to 50 larvae per Petri dish; students should then be more easily able to compare the absolute rate of predation among the two predators at this same density.

Part V: Drawing conclusions
The final part of the Figure Set contains two concluding questions. First, question 18 introduces type III functional responses. Students should identify that unlike type I functional responses, there is no linear relationship between prey density and the rate of predation. However, similar to type II functional responses, type III functional responses also show a gradual decrease in the rate of predation as the prey density reaches saturation. In contrast to type II functional responses, though, organisms with type III functional responses will initially increase their rate of predation as the prey density increases. Students are challenged to consider what could explain this functional response in the final question. Students should identify that in type III functional responses, predators will initially search for prey more frequently as the prey density increases. For instance, it is possible that the predator here may identify clusters of prey based on pheromones or may learn to identify the prey after consuming a small amount, thus increasing its predatory searching and consumption. However, like with Type II functional responses, eventually the predator reaches saturation and cannot increase its rate of predation, thus leading to the sigmoidal curve seen in type III functional responses. If students struggle with coming up with these ideas, instructors may wish to spark a broader conversation with the entire class or provide hints, e.g., asking students to think about what happens if a predator identifies a prey cluster or learns how to identify the prey.

ADDITIONAL RESOURCES 
There are several additional resources that may be helpful for instructors. First, I highlight the original Figure Set in Teaching Issues and Experiments in Ecology that introduces type I and type II functional responses as well as biological control agents (Hsu, 2018). Second, I direct the instructor to a helpful review of type III functional responses that includes an overview of articles that have identified type III functional responses and provides a discussion of why type III functional responses remain much rarer than type I or type II functional responses (Kalinkat, Rall, Uiterwaal, & Uszko, 2023). Other research and review articles describe type III functional responses in more detail (Beardsell et al., 2021; Krebs, 2022). Finally, instructors may wish to consult this recent review article on the ecology, evolution, and management options of S. frugiperda, which provides an overview of this invasive species, its ecology, its evolutionary history, and the various approaches taken to mitigate its spread (Tay et al., 2023).‬‬‬‬‬‬‬‬‬‬‬‬‬‬
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