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Abstract:
The rise of biodiversity-related citizen science projects gives us the opportunity to inspire all students to become citizen scientists, no matter what their professional path. Here, I share an in-class exercise that introduces undergraduates to biodiversity and citizen science using the open-source platform iNaturalist. I developed the exercise as part of a semester-long module on bumblebee diversity and conservation, embedded in an introductory environmental science course for majors and non-majors. Bumblebees worked well in the context of this course because they are easily recognized, charismatic organisms that serve important ecological roles and face a variety of threats. The objectives of the iNaturalist bumblebee module include (1) introducing students to bumblebees at global, regional, and local scales; (2) using a citizen science data base to predict what species are likely to be found in specific geographic regions; and (3) articulating the power and limitations of citizen science data bases. While this exercise focuses on bumblebees in North America and the state of Missouri, where my university is located, iNaturalist is a flexible platform that can be adapted to different geographic regions. It can also be used for on-line courses. I describe how I implemented this activity as a 50-minute in-class exercise and follow-up discussion. 
Learning objectives:
By the end of this lab, students will be able to:

· Identify and compare different bumblebee species worldwide using an international citizen science data base. 

· Locate individual reports of bumblebee species in specific countries and provide information relevant to those reports such as location, date/time, and natural history.
· Determine which North American bumblebee species are found in their home state.
· Make predictions about whether specific bumblebee species are likely to be found in the area where they reside. 
· Articulate factors that might influence the integrity of a citizen science data base.
Timeframe:
Instructor preparation time depends on degree of familiarity with iNaturalist. The classroom exercise takes approximately 50 minutes, with a follow-up discussion of about 30 minutes. For instructors entirely new to iNaturalist, I recommend about 90 minutes of prep time to familiarize yourself with the website and run through the exercise. Grading time will vary, depending on completeness and clarity of student responses, but allow about 20 minutes of time per student. 
List of materials:
Students need access to internet-ready devices for this exercise. Laptop or desktop computers, or tablets/iPads, are better than handheld devices such as smart phones. Providing the students with printed instructions facilitates completion of the exercise. Students may work in pairs or small groups to share computer resources. This exercise can also be completed as homework or in the context of an online course. 
Procedure and general instructions (for instructor).
I developed this module as part of a semester-long unit on native bee diversity embedded in an introductory undergraduate environmental science course, BI 215 Humans and the Environment. BI 215 is part of the core curriculum at Avila University and is designed to accommodate non-science majors, biology majors, and environmental science minors. The course is lecture-based, meeting three hours a week. Enrollment is capped at 24 students. Because BI 215 does not have a lab, I incorporate a series of mini-labs as part of my 50-minute lecture, of which the iNaturalist bumblebee activity is one example. 

In addition to the stated learning objectives (above), I sought to instill a general appreciation of native pollinators and challenges in pollinator conservation, as well as an awareness of the importance of citizen science. Citizen science is garnering increased attention as a powerful tool for addressing large-scale challenges such as biodiversity conservation (Theobald et al 2015, Sullivan et al 2017). The value of in-kind data collection by citizen scientists has been estimated at $667 million to $2.5 billion (Theobald et al 2015). Many citizen science projects have resulted in scientific publications as well as tangible conservation actions (Sullivan et al 2017). Courses such as BI 215 Humans and the Environment, which attract a wide range of majors, provide a unique opportunity to encourage students to envision themselves as citizen scientists no matter their eventual profession. With the number of citizen science projects expanding and the technology for participation becoming more accessible, opportunities abound for students to make life-long contributions to meaningful research. The iNaturalist bumblebee activity gives undergraduate students a first glimpse at how citizen science data can be accessed and interpreted, as well as the power and limitations of that data. 
Because Avila University is in Kansas City, Missouri, I wrote this activity to focus on North America and the state of Missouri. However, iNaturalist is a flexible platform that can be adapted to other geographic contexts. Here I provide an overview of how I implemented the module as written for an undergraduate introductory course in environmental science. 
Pre-requisite Student Knowledge
As stated previously, this activity was embedded in a semester-long unit on bumblebee diversity, decline, and conservation. By the time my students did the iNaturalist lab, they had completed other exercises involving bumblebee biology. These included viewing the video documentary Secrets of Bumblebees (Andrew Solomon, ORF, 2014), exploring the science platform Bumblebee Watch (bumblebeewatch.org), and submitting a critical summary of a journal article on bumblebee decline (Cameron et al 2011). Students had also been introduced to world biomes, which gave them basic background information needed to consider whether distribution of different species might be related to climate and ecosystem at the end of of Parts I and II. 
Pre-requisite Teacher Knowledge
Before starting this module with students, it’s a good idea to familiarize yourself with the various functions of the iNaturalist web site. Note that neither you nor the students need to be members of iNaturalist to complete the exercise. The required data is publicly available to anyone who visits the site. For individuals new to iNaturalist, you will find it very user-friendly. Instructions in the student handout (below) should provide the information needed for navigating the site. 
In-Class Management
When I conducted the in-class activity, I walked my students through “Part I: Bumblebees Worldwide.” My classroom was equipped with a screen where students could see how I navigated the site to complete each step and respond to the questions in Part I. The steps in Part I provide the tools needed to complete Parts II, III, and IV. After we finished Part I together, students worked at their own pace to complete the rest of the exercise. My class was small (24 students), so I could follow up with each student individually to answer any questions and make sure they were on the right track. 

Classroom management can be modified to allow students to work in pairs or small groups, and periodically share their results. Our classroom had computers available for student use, but some students brought their own laptops. For very large class sizes, the activity could be made more interactive by converting some of the lab exercise into clicker response questions. For example, at the end of Part I, students are asked to compare the worldwide distributions of two species, B. impatiens and B. terrestris. Based on the information they find on iNaturalist, they then predict which of these two species would most likely occur in Kansas City. This prediction could be managed as a clicker question. Because the iNaturalist bumblebee module depends on open-access, on-line resources, it can also be assigned as homework or integrated into an on-line course.

The lab activity includes Reflection and Synthesis questions listed at the end of Part IV. It took my students the full 50 minutes to complete Parts I-IV. For this reason, I used the reflection and synthesis questions as a follow-up assignment that my students submitted at the beginning of the next class period. Reflection and Synthesis questions constitute a fundamental part of the exercise, as this is where students meet the primary objective of understanding factors that might influence the integrity of a citizen science data base.  
For example, in Part III of the exercise students generate a map of bumblebee sightings in Missouri that clearly shows sightings clustered around urban centers. Question 1 of Reflection and Synthesis asks students to provide possible reasons for this pattern. Students often respond first that there must be more bumblebees in urban centers, perhaps because there are more food resources. However, another likely explanation is that there are more iNaturalist members in urban centers looking for and reporting bumblebees. Reflection and Synthesis questions allow students to think critically about how citizen science data sets are shaped by factors such as sampling intensity across different regions, access to technology, and public interest in the organisms being studied. 
As part of Reflection and Synthesis, students also develop ideas for testing hypotheses for the observed clustering of bumble bees around urban centers. Because these are introductory courses that include nonmajors, I do not expect my students to hammer out all the details of experimental design. Rather, my goal is for students to understand that in order to accurately compare the characteristics of two sites, for example rural and urban, we need an equivalent sampling effort in both sites. In this way, Reflection and Synthesis allows students to work through larger issues of how bias can impact our understanding of data. 
I recommend allowing students time to answer Reflection and Synthesis questions after the in-class exercise on their own or in small groups. Instructors should then conduct follow-up class discussion (approximately 30 minutes) to emphasize and clarify the primary themes of the exercise.  
Procedure and general instructions (for students).

Exploring Bumblebee Diversity and Distribution on the Citizen Science Platform iNaturalist
Introduction
The growth of citizen science projects has allowed scientists and nonscientists alike to contribute to our understanding the natural world. Through citizen science projects, you can participate in building large public data bases that can be used by anyone the world – including you! Citizen science data is often used to explore the status of wild populations and make important management decisions that can contribute to conservation (Theobald et al 2015, Sullivan et al 2017). 

In this lab, we will look at a popular citizen science platform, iNaturalist. Members of iNaturalist take photos of organisms and upload those photos from all over the world for identification by experts. iNaturalist is an open forum that accepts reports of all taxa, from insects to birds to reptiles, mammals, fish, and plants – In short, if you can catch your favorite wild organism in a photo, you can upload it to iNaturalist.

In this lab, we will use iNaturalist to explore data about bumblebees. Bumblebees are an important part of our native bee fauna, sustaining ecosystems and agricultural crops through pollination services. All bumblebees belong to the genus Bombus within the family Apidae. This is the same family that contains honeybees (Apis mellifera), which were introduced to the Americas by European settlers. All bees belong to the same order, Hymenoptera, which also includes ants and wasps. 

Very little is known about most of our native bees. Those for which we have some information are facing a variety of threats. Many are in decline or in danger of extinction. In this exercise, you will use iNaturalist to explore citizen science data about bumblebees at the global, regional, and local level. By the end of this lab, you will be able to:

· Identify and compare different bumblebee species worldwide using an international citizen science data base. 

· Locate individual reports of bumblebee species in specific countries and provide information relevant to those reports such as location, date/time, and natural history.
· Determine which North American bumblebee species are found in their home state.
· Make predictions about whether specific bumblebee species are likely to be found in the area where they reside. 
· Articulate factors that might influence the integrity of a citizen science data base.
Part I: Bumblebees Worldwide
Complete the following steps:

1. Go to iNaturalist.org

2. Click the EXPLORE tab in the top left-hand corner. 

3. A new page will pop up with search boxes at the top.  Fill in the first search box, “Species,” with the genus name for Bumblebees, Bombus. A dropdown menu will pop up. Click on “Bumblebees” (do NOT click on “View”). If you click on “Bumblebees,” iNaturalist will generate a world map with all the bumblebee sightings that have been reported by iNaturalist members. 
Based on the above exercise, answer the following questions:

1. How many bumblebee observations have been submitted worldwide to iNaturalist?

2. How many species of bumblebees have been identified by iNaturalist citizen scientists?

3. This page also reports the number of “observers” and “identifiers.” What is the difference between these two categories of iNaturalist citizen scientists?

Note that if you click over any of the dots on the interactive map, the page will display the information from each bumblebee sighting. Use this feature to identify 3 bumblebee species from outside the United States:

	Species
	Common Name
	Species Name
	Location Reported

	1
	
	
	

	2
	
	
	

	3
	
	
	


On the righthand side of the screen, you will see real time updates of bumblebee sightings. What was the most recent bumblebee species reported, and where was it sighted, at the time you did this exercise?

Species name: _____________________________ 

Common name: ______________________________

Location Reported: _________________________________

Date and time verified: ___________________________

Now, use the “Species” search box to look at the distributions of the following bumblebees:

· The Common Eastern Bumblebee (Bombus impatiens)

· The Buff-Tailed Bumblebee (Bombus terrestris)
In the search box, you can either write in these species or use the drop-down menu to find them. Describe where each of these species are found. Which one is most likely to occur in Kansas City and why? 
Based on their distributions, do you think B. impatiens and B. terrestris are adapted to similar climates and ecosystems, or different climates and ecosystems? Explain. 
Part II: Bumblebee Species of North America

In this part of the exercise, we will narrow down our search to species in the North American continent.

On the Explore page, make sure the species box is still set to “Bombus.” Now, in the location box, type “North America.” Click GO. Based on the results iNaturalist provides, answer the following questions:
1. How many species of bumblebee have been reported for North America on iNaturalist?

2. How many times have bumblebees been observed in North America?

3. Write down the most recent bumblebee sighting in North America:

Species name ________________________

Common name _________________________

Location Reported _____________________________

Date and time verified ___________________________

Using iNaturalist, compare the distributions of the following North American species:

· The American Bumblebee (Bombus pensylvanicus)

· The Yellow-Faced Bumblebee (Bombus vosnesenskii) 
Describe the distributions of these species. Which is most likely to be found in the Kansas City area? Explain. 

Based on their distributions, do you think B. pensylvanicus and B. vosnesenskii are adapted to similar climates and ecosystems, or different climates and ecosystems? Explain. 
Part III: Bumblebee Species of Missouri
In this exercise, we will look at bumblebee species reported for the state of Missouri. In the location box, type “Missouri.” Click GO. Based on the information displayed in iNaturalist, answer the following questions:
1. How many species of bumblebee have been reported for the state of Missouri?

2. Where are the highest densities of bumblebee reports? 

We have been using the map function in iNaturalist, but the data we extract can be displayed in different ways. If you look at the top left side of the map, you will see click boxes labeled “Map,” “Grid,” and “List.” 

Click the box labeled Grid. This will show you a display of every report of a bee species in the state of Missouri. Now, click the List box at the top left of the grid. This gives you the same information as you saw in the grid, but in a list format. 

Click the Map box to get back to the map view of Missouri bee sightings. At the top of the map, the gray bar that lists number of sightings, species, etc., is a set of links as well. Click on the Species link on this gray bar. The Species link will take you to a list of the 6 species of bumblebees recorded in the state of Missouri on iNaturalist. Write down the information from this page on the following table: 

	Bumblebee Species of Missouri as Reported on iNaturalist

	Common Name
	Species Name
	Number of Times Observed

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	


Part IV: Bumblebee Species of Kansas City, Missouri
By now, you have all the tools you need to navigate iNaturalist and learn about the bumblebees that have been reported in Kansas City, Missouri. For this last section of today’s lab, use iNaturalist to answer the following questions:

How many bumblebee species have been reported for Kansas City, Missouri? __________

What is the total number of bumblebee sightings for the Kansas City area? ____________

When was the first Kansas City bumblebee reported on iNaturalist? ______________________

What was the most recent species sighted, and when was it reported?

Common name of the most recent species sighted: __________________________

Species name: ___________________________

Date reported or verified: ____________________________

Based on the information from iNaturalist, fill in the following table for Kansas City: 

	Bumblebee Species of Kansas City, Missouri as Reported on iNaturalist

	Common Name
	Species Name
	Number of Times Observed

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	


Which species has been sighted in Missouri but has not yet been reported in Kansas City?

Find the distribution map of sightings for this species on iNaturalist. Based on the distribution map, do you think the species is likely to be in Kansas City? Explain. 
Questions for Reflection and Synthesis
1. In Part III of this exercise, we noted that bumblebee sightings in the state of Missouri, as reported on iNaturalist, tend to cluster around urban areas. What does this pattern reveal about potential biases in citizen science data collection? 

2. Propose two possible explanations, in addition to observation bias, for why bumblebees are reported more often near urban areas. How would you test your ideas? 

3. Evidence indicates several species of bumblebee are in decline in North America (Cameron et al 2011). How might citizen science data bases like iNaturalist help us understand the status of these and other species? 
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