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Abstract

We are experiencing a biodiversity crisis but resources to help species are limited. Scientists are
turning to community science to complement traditional scientific methods. Bumble bees
(Bombus spp.) are important pollinators in temperate regions, but many are in decline, and more
information is needed to conserve them. The Bumble Bee Watch (BBW) program collects this
through photos submitted by volunteers and identified by experts. Yet many community science
programs struggle. Chapter 2 reviews common successes and challenges, offering best practices

for developing and running programs.

To determine whether BBW is filling knowledge gaps, Chapter 3 compares its data to the
Bumble Bees of North America database (BBNA) over all years and 2010-2020. BBW recorded
41 species (BBNA had 48) from all parts of the continental US and Canada, confirmed
persistence, and provided novel locations for species outside of and within the known extent of
occurrence. BBW showed its greatest impact from 2010-2020 by contributing 25% of all

records, 28% of all unique locations, and 32% new plant forage genera.

BBW does not replace traditional surveys, but does complement them. Chapter 4 shows that B.
pensylvanicus is critically endangered in Canada according to IUCN Red List criteria. BBW
provided 20% of all B. pensylvanicus records and 36% of its sites over the 2007-2016 period

assessed, and thus provided important information on its current abundance and distribution.

No experience is required to participate in BBW, but having participants able to accurately

identify species is beneficial. Chapter 5 explores the percent agreement and veracity of



iii
participant species identifications compared to experts, with the average being 53% and 56%,

respectively. With better educational resources, participants may be better trained to identify

species more accurately.

Understanding the motivations and insights of community science participants is important.
Chapter 6 discusses the results of a BBW user and expert survey: participants want to contribute
to science and save the bees, and report an increase in knowledge and skills after participating.
Although areas for improvement are noted, BBW is an important tool for Bombus researchers,

and demonstrates the value that community science has for species conservation.
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Chapter 1. Overall Introduction

Victoria J. MacPhail

The ecological and economic importance of wild insect pollinators is becoming increasingly
recognized due to their role in pollinating native plants and agricultural crops, about 85% of
which rely on animal pollinators for reproduction (Buchmann and Nabhan 1996; Losey and
Vaughan 2006; Klein et al. 2007; Potts et al. 2010; Ollerton et al. 2011). Recent studies have
determined that some native bumble bee (Hymenoptera: Apidae: Bombus) species have suffered
rapid declines in the wild while others remain common, but we do not have enough information
to make a status assessment for all species in North America (Colla and Packer 2008; Colla et al.
2012b; Hatfield et al. 2015a; Cameron and Sadd 2020; IUCN 2020). There is evidence that
habitat loss, pesticide use, pathogen spillover from managed bees, and climate change have
contributed to the declines of some North American bumble bee species (Colla et al. 2006; Grixti
et al. 2009; Cameron et al. 2011b; Meeus et al. 2011; Szabo et al. 2012; Kerr et al. 2015;
McMahon et al. 2015; Colla and Maclvor 2017; Cameron and Sadd 2020; Martinet et al. 2020)
but proposed hypotheses are difficult to investigate due to low detectability and the previously
mentioned lack of data. This, along with a lack of awareness by the public and policy makers,
prevents appropriate recovery actions and policy from being implemented to stop the declines
(Colla 2016). Community science is a growing field that can potentially help with both the data

gap and lack of awareness.

Community science projects use volunteers to provide and/or analyze baseline, point, or

monitoring data; ask and/or answer research questions; increase stewardship and awareness;



influence conservation actions and policies; allow for public engagement in science; and create
social capital and public support for conservation (Bonney et al. 2009b; Silvertown 2009; Conrad
and Hilchey 2011; Wiggins and Crowston 2011; Danielson et al. 2014; Follett and Strezov 2015;
Jordan et al. 2016; Thomas 2016; Lepczyk et al. 2020). The data collected can be similar to or
identical to that collected by experts (Hoyer et al. 2012; Starr et al. 2014; Danielson et al. 2014;
Thomas 2016; van der Velde et al. 2017) although this depends on the level of skills needed
(Kremen et al. 2011; Jordan et al. 2012), and the program design (Jordan et al. 2012; Trautmann

et al. 2012; Acorn 2017).

Most insect taxa require specimen collection for accurate identification (Kremen et al. 2011), but
bumble bees can often be reliably identified to the species level by field photos (Lye et al. 2011,
Suzuki-Ohno et al. 2017; The Xerces Society for Invertebrate Conservation et al. 2017; Falk et
al. 2019). This makes bumble bees an excellent target taxa for use in community science

programs, where data could then be collected on everything from their phenology to distribution.

Bumble Bee Watch (BBW) is a community science web-based program where participants
photograph bumble bees anywhere in the United States or Canada, upload the photos and
relevant site information to a website (www.bumblebeewatch.org) or through an app (free
download from https://apps.apple.com/us/app/bumble-bee-watch/id1112626392 or
https://play.google.com/store/apps/details?id=com.birdseyebirding.birdseye.bumblebeewatch).
They can optionally then use an interactive identification key based on the bees’ colour patterns,
and limited by location, to assign a tentative species identification, with all records then verified

by a regional expert (The Xerces Society for Invertebrate Conservation et al. 2017). Participation



is free and no experience is required. A collaborative effort amongst several different
institutions, primarily administered by the Xerces Society for Invertebrate Conservation, Wildlife
Preservation Canada, and York University, its stated goal is “to track and conserve North

America’s bumble bees” (The Xerces Society for Invertebrate Conservation et al. 2017).

I have been involved with the Bumble Bee Watch program from the later stages of its initial
development in 2012, through its website launch in January 2014, iOS and Android apps for
smart phones and tablets in July 2017 and July 2018, respectively, through to

present. Maintaining a high quality dataset that can be used to consider local and landscape level
research questions and inform policy is critical. | have thus spent large amounts of time
administering the program and database through Quality Assurance/Quality Control (QA/QC)
work (e.g. looking for records in wrong provinces/states, probable wrong dates of observations,
etc.), beta testing (website and two apps, and updates of those), creating a tutorial for the app,
and other tasks. | have also been a regional expert, verifying records primarily from Ontario east
through Newfoundland and Labrador, in addition to other regions of Canada and the US. This
has been in addition to outreach and education activities, from bumble bee workshops and survey
events through to presentations at naturalist clubs through professional conferences and written

articles and interviews.

Having seen the enthusiasm that participants and experts have for Bumble Bee Watch, and the
type of data being submitted, | am interested in how this program, in conjunction with
researcher-collected data, answers ecological questions and increase awareness and conservation

actions. | investigate these topics in a series of chapters as outlined below.



Chapter 2 explores the field of community science, from its history to range of applications
today. It includes an investigation into the types of projects and designs, use and value of the
data, reasons for and outcomes of volunteer participation, and provide best practices on how to

improve programs.

Chapter 3 evaluates the type and value of biological data being gathered from the Bumble Bee
Watch program by comparing it with the largest source of data on Bombus in North America: the
Bumble Bees of North America database (BBNA). This includes determining if the BBW
program has gathered information that can increase our natural history knowledge related to
species biology, and distribution. I also evaluate the data to determine if there are new locations
of rare species, changes in known species ranges, and/or observations from under-surveyed areas

being reported.

Chapter 4 tests the idea that community science data can aid in species conservation status
assessments. | combine data from BBW with museum specimen data and more recent field work
data to assess the extinction risk for the American bumble bee (Bombus pensylvanicus) in

Canada using IUCN criteria.

Chapter 5 investigates the accuracy of the initial species identifications by participants as
compared to the verified identifications by experts. This will help to identify species that are
commonly mis-identified, as well as the potential user bias and over-reporting of species. These

results may suggest areas for improvement, both in the program and in training resources. | also
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compare the self-evaluated ease of identification per species by both users and expert, and relate

that to the level of misidentifications.

Chapter 6 investigates the demographics of BBW participants, the effects and perceived value of
participation, as well as the perceived pros and cons of the program by participants and experts.

Suggestions as to how to increase the success of the program will also be discussed.

Chapter 7 summarizes the findings from all these investigations and discuss the next steps for the
conservation of pollinators using community science, and for the value and potential use of these

programs in general.

Note that the field of community science has had different names and meanings since it was first
proposed, and is currently still unsettled (Irwin 1995; Bonney 1996; Eitzel et al. 2017; Auerbach
et al. 2019; Heigl et al. 2019a; Cooper et al. 2021)(see also discussion in Chapter 2). In an effort
to be more inclusive, researchers with the Bumble Bee Watch program transitioned from using
the previously more common term “citizen science” to “community science’: while | generally
use “community science” throughout this thesis, in chapters previously published prior to the

transition, I use “citizen science”.



Chapter 2. Power of the People: A Review of Citizen Science Programs for Conservation
Victoria J. MacPhail and Sheila R. Colla

*This chapter has been reprinted with the permission of its co-author and publisher from the
original published manuscript: MacPhail, V.J and Colla, S.R. 2020. Power of the People: A
Review of Citizen Science Programs for Conservation. Biological Conservation. 249: 108739.

https://doi.org/10.1016/j.biocon.2020.108739.

Abstract
Citizen science is a rapidly growing field whereby volunteers can collect and/or analyze data to

contribute to research and gain an appreciation for the environment. There are countless
programs currently underway around the world: some have clear scientific hypotheses being
tested and others are simple data gathering; some are designed and led at the grass-roots level
while others are done by academics. This literature review focusses on best practices for the
development and running of citizen science projects to make them successful. It includes
discussion around different methods of experimental design, data collection, and analyses; how
participants are recruited, engaged, and rewarded (including who participates and why); the
effect of participation on the volunteer’s knowledge and actions; and the impact programs have
on policy and other conservation actions. While there are several challenges that projects face,
and more research is needed in various areas, the many benefits support the continued expansion

of citizen science projects.

Introduction
While humans have been sharing observations of the world around them for millennia
(Silvertown 2009; Miller-Rushing et al. 2012; Pastor 2018), the domain of citizen science is a

relatively new area of research and discovery. Dating to the early 1990s (Irwin 1995; Follett and



Strezov 2015; Hannibal 2016), citizen science is a fast-growing field covering a wide range of
topics, from human microbiota (del Savio et al. 2016) to distant galaxies (Edwards and Gaber
2014). As a newer science that is being practiced globally in different forms, with different
definitions, frameworks, and protocols, it has not yet settled into a cohesive whole. Yet to fully
realize the potential of citizen science, it is necessary to identify what works well and what does

not, and where more research is needed to develop new techniques.

Although still young, the field of citizen science has received review articles on a wide variety of
subjects. For example, new technologies (Newman et al. 2012; Ceccaroni et al. 2019), methods
of data analysis (Cooper et al. 2012; Kelling et al. 2015a; Zipkin and Saunders 2018),
assessments of data credibility and quality (Freitag et al. 2016; Kosmala et al. 2016; Aceves-
Bueno et al. 2017), impacts on policy (Greenwood 2012; Hecker et al. 2018, 2019), economic
implications (Sauermann and Franzoni 2015; Theobald et al. 2015) and impacts on and by
volunteers (Firehock and West 1995; Bell et al. 2008; Shirk et al. 2012; Lewandowski and
Specht 2015; NAESM, 2018; Schuttler et al. 2018) and on and by stakeholders (Sterling et al.
2017). Additionally, there have been several reviews on the impacts of citizen science on
conservation efforts (Silvertown et al. 2013; Chandler et al. 2016; Ballard et al. 2017; Newman
et al. 2017; McKinley et al. 2017; Poisson et al. 2020). Other reviews have been conducted on
additional aspects of citizen science programs (Sullivan et al. 2009, 2017; Conrad and Hilchey
2011; Wiggins and Crowston 2011; Danielson et al. 2014; Pocock et al. 2015; Aceves-Bueno et

al. 2017).



Governments, universities, and non-profit organizations are now coming together to support the
development of common frameworks and guides (Bonney et al. 2009a; Strasser et al. 2012;
Tweddle et al. 2012; Socientize Consortium 2013; Wiggins et al. 2013; Blaney et al. 2016;
NEIWPCC, 2016; Citizen Science Association 2020; CitizenScience.gov 2020). To maximize

project resources, common challenges should be noted and avoided or addressed.

The purpose of this review paper is to provide an expanded, cohesive overview of what citizen
science is, who it involves, and the reasons to use it. It covers small, in-person projects to large,
online ones. It focusses on best practices for developing and running citizen science projects
through the identification of common challenges faced and solutions to them, and includes
suggestions on how to make projects more successful. These include areas such as experimental
design, data analysis and quality control; volunteer recruitment, training, and retention;
motivations for and effects of participation; data management and security; data sharing and
project overlap; obtaining funding and other resources; economic, social and political

controversies; project assessment and evaluation; and new technologies.

Methods

To locate relevant sources, searches were conducted through Google Scholar using key words
such as “citizen science” and “community science” with additional qualifiers including
“challenges”, “techniques”, “review” and “research”. The titles and abstracts of the resultant
papers were read and evaluated and if they appeared relevant, the paper was given a full review.
Relevant references cited within this first group of papers were then obtained, and their content

and references evaluated, with more papers being targeted for review. This process was ongoing,



with the main searches occurring from January to June 2018. Additional searches were also
conducted via Google Scholar and the York University library system during the writing of this
article to locate information on specific topics not adequately captured using those original

search terms.

Results and Discussion

Using the snowball approach described above, over 300 papers were selected for a deeper
review. These included original research through review articles, on scales from local city or
regional based studies through national and international ones. While most of the research was
based in North America and Western Europe, others were from Africa, Asia, South America, and
other parts of Europe. Many were focused on ecological topics, from systems to species, and
covered a range of taxonomic groups, from insects to mammals and plants. Projects were
generally led by professional scientists, but citizen scientists also contributed to project design in
some cases.

What is citizen science?

Definition
There is no consistent definition for citizen science (Eitzel et al. 2017; McKinley et al. 2017;

NASEM, 2018; Auerbach et al. 2019; Heigl et al. 2019b), although a spectrum of concepts and
terminologies exists (Table 2.1). It commonly refers to a scientific program, overseen by
professional scientists, where non-professional volunteers collect and/or analyse data that are
then used to advance scientific knowledge (Eitzel et al. 2017; McKinley et al. 2017; NASEM,
2018; Auerbach et al. 2019; Heigl et al. 2019b). These projects can provide baseline or
monitoring data, answer research questions, increase stewardship and awareness, and influence

conservation actions and policies (Bonney et al. 2009b; Conrad and Hilchey 2011; Wiggins and
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Crowston 2011; Follett and Strezov 2015; Jordan et al. 2016; Thomas 2016; Le Féon et al. 2016;

Acorn 2017; McKinley et al. 2017; Ryan et al. 2018).

Citizen science may include certain types of games (Khatib et al. 2011; Kawrykow et al. 2012;
Ponti et al. 2018) although some authors disagree as the players do not always understand the
science behind the game (NASEM, 2018; Ponti et al. 2018). In Europe, the term can also relate
to engaging the public in science discussions and policy making (Irwin 1995). Projects that are
focused on public relations or science/environmental education (Russell 2014), or that do not
produce or share new knowledge (Miller-Rushing et al. 2012; Acorn 2017; Ballard et al. 2017,

NASEM 2018), do not fall into the definition of citizen science that is used here.

Topics covered by Citizen Science projects

Many projects involve a natural science topic (see broad discussions in e.g. Griffin Burns and
Harasimowicz, 2012; Hannibal, 2016; Russell, 2014; Theobald et al. 2015), ranging from
aligning DNA sequences (Kawrykow et al. 2012) and folding proteins (Khatib et al., 2011) to
capturing information on a single taxa (e.g. Sullivan et al. 2017) or all taxa (e.g. van Horn et al.
2018). Other projects are found in medical fields, informational sciences, and traffic
management (Gonzalez et al. 2011; Wiggins and Crowston 2011; Shirk et al. 2012; Follett and

Strezov 2015; Den Broeder et al. 2018).

Classifications of Citizen Science projects
Projects can be classified according to the level of participant involvement or the focus of

project. Participants may only collect data or may be involved in the whole process of devising
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questions, collecting data, conducting analyses, and sharing results (Conrad and Hilchey 2011;
Gonzalez et al. 2011; Miller-Rushing et al. 2012; Silvertown et al. 2013; McKinley et al. 2017;
Irwin 2018; NASEM, 2018). Bonney et al. (2009a) defined three categories of citizen science
based on the level of participation: contributory, collaborative, and co-created. Shirk et al. (2012)
defined five models also based on this: contractual, contributory, collaborative, co-created, and
collegial. Lawrence (2006) in (Conrad and Hilchey 2011) organized participation into four
forms: consultative, functional, collaborative, and transformative. The definitions for many of
these are similar and overlap, but there can also be differences, so it is important to establish the

meaning of these terms in publications or when comparing projects.

Wiggins and Crowston (2011) identified five categories which relate to the type of project:
socio-political action on local environmental issues; conservation projects, stewardship, and
monitoring; real-world scientific investigation of particular questions; virtual scientific
investigation of particular questions; and education and outreach. Bell et al. (2008) present the
four categories proposed by McKelvey (1975), which relate to the type of organization:
participatory environmental tourism; virtual network organisations; national non-governmental
organisations; and local associations (Bell et al. 2008). Silvertown (2009) proposed categories of
hypothesis-driven research, volunteer mapping and monitoring, and tools, guidance, and
resources. Follet and Strezov (2015) initially divided projects into contributory, collaborative,
and co-created, and then divided them based on their stated goals, including action, conservation,

investigation, virtual and education.
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There are pros and cons to all of these classifications, and no one is better overall than another
(Conrad and Hilchey 2011; Shirk et al. 2012). Certain styles of projects may suit some project
types or scales better than others. For example, consultative and functional styles work better in
large-scale projects that are “top-down” directed, while collaborative and transformative projects
work better at smaller scales that are often “bottom-up” directed (Conrad and Hilchey 2011;

Shirk et al. 2012).

Why have citizen science?
There are many benefits of citizen science to science, participants, policy and management. They

are summarized in Figure 2.1 and discussed below.

Value to Science

Citizen science programs can provide ecological data, answer research questions, increase
learning, stewardship and awareness, introduce new epistemologies, and influence conservation
actions and policies (Conrad and Hilchey 2011; Wiggins and Crowston 2011; Gonzalez et al.
2011; Follett and Strezov 2015; Jordan et al. 2016; Thomas 2016; Peters et al. 2017; Reynolds et
al. 2017; McKinley et al. 2017; Irwin 2018; NASEM, 2018). In particular, they help answer
questions related to the abundance, distribution, behaviour, and changes in species, habitats, and
ecosystems (including agricultural systems)(Aceves-Bueno et al. 2017; Acorn 2017; Eaton et al.

2017; Sullivan et al. 2017; Ryan et al. 2018).

This power comes as volunteers can increase the temporal and spatial scope and intensity of a

project, often beyond anything professional scientists could accomplish alone (Bell et al. 2008;
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Conrad and Hilchey 2011; Cooper et al. 2012; Hoyer et al. 2012; Miller-Rushing et al. 2012;
Danielson et al. 2014; van der Wal et al. 2015; Acorn 2017; Parker and Thomson 2018). These
data can be of high quality, similar to or identical to that collected by experts (Hoyer et al. 2012;
Trautmann et al. 2012; Starr et al. 2014; Danielson et al. 2014; Thomas 2016; van der Velde et
al. 2017), although it depends on the program design and level of skills needed (Kremen et al.

2011; Jordan et al. 2012; Trautmann et al. 2012; Acorn 2017).

Citizen science data can be added to professional data to fill in gaps and/or expand total
knowledge (Bonter et al. 2012; Zuckerberg and McGarigal 2012; Gonsamo et al. 2013;
Silvertown et al. 2013; Zapponi et al. 2017; Soroye et al. 2018; MacPhail et al. 2019). It can be
used to validate models (Gonsamo et al. 2013; Pimm et al. 2014) and ground-truth remote
sensing data (Cooper et al. 2012; Pimm et al. 2014; Hannibal 2016). Other projects are
concerned with issues of economic, social, and environmental importance (Conrad and Hilchey
2011; Gonzalez et al. 2011). Other data sets (e.g. environmental, demographic) can be combined
with citizen science data to further explore trends and answer questions (Hames et al. 2012;

Acorn 2017).

Projects have the potential to answer questions from changes in range and climate (Bonney and
Dickinson 2012; Bonter et al. 2012; Cooper et al. 2012; Miller-Rushing et al. 2012; Gonsamo et
al. 2013; Sullivan et al. 2017) to habitat loss and landscape level analyses (Dickinson and
Bonney 2012; Miller-Rushing et al. 2012; Zuckerberg and McGarigal 2012) and evaluation of
ecosystem goods and services (Birkin and Goulson 2015). They can track changes in populations

over time, including declines of rare species and spread of invasive ones (Dickinson et al. 2012;
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Acorn 2017; Sullivan et al. 2017; Zapponi et al. 2017; McKinley et al. 2017; Soroye et al. 2018;
MacPhail et al. 2019), as well as migration rates or impacts of predators, disease, pollution,
infrastructure, effects of livestock, environmental events, and other human activities (Conrad and
Hilchey 2011; Bonter et al. 2012; Cooper et al. 2012; Greenwood 2012; Tidball and Krasny

2012; Bonney et al. 2014; Danielson et al. 2014; Acorn 2017; Eaton et al. 2017).

Studies can be designed to replicate historic research to evaluate changes over time (Miller-
Rushing et al. 2012; Worthington et al. 2012) or provide necessary monitoring to back up claims
or evaluate actions (Danielson et al. 2014). They can act as a “crisis response network”
(Hannibal 2016), reacting quickly to monitor changes (e.g. in water or air quality, distribution of
pathogens or invasive species) (Cooper et al. 2012; Shirk et al. 2012; Bonney et al. 2014;
Hannibal 2016), while also connecting local people to each other, governments, and the
environment, and helping them recover their own livelihoods and landscapes (Dickinson and

Bonney 2012; Tidball and Krasny 2012; Owen and Parker 2019).

New technologies provide options to the traditional approach of in-person observations or
collections that are shared on paper. For example, images, videos, and other data (e.g. radiation
counts) can be obtained by individuals via data loggers, tablets, smartphones, wildlife cameras,
satellites, telescopes, and drones and shared over the internet (Bonney et al. 2014; Acorn 2017;
Eaton et al. 2017; Austen et al. 2018; Frigerio et al. 2018; Odenwald 2019). Data processing can
be done by humans and computers, with new techniques evolving all the time (Shirk et al. 2012;

Russell 2014; Waldchen and Méder 2018; Ceccaroni et al. 2019; Terry et al. 2020).
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There can be an economic incentive to using citizen science. While there are costs, such as
technology needs and staff salaries (Blaney et al. 2016), and recruiting, training, and retaining
volunteers (Silvertown et al. 2013; Blaney et al. 2016; McKinley et al. 2017), overall costs are
lower than hiring an equivalent number of staff (Joint Nature Conservation Committee 2017).
For example, 100,386 users participated in the first 180 days of seven projects on the broad
Zooniverse platform, contributing 129,540 hours estimated at $1.6 million USD (Sauermann and
Franzoni 2015). Theobald et al. (2015) estimated that about 1.3 million citizen scientists
contributed $2.5 billion USD in-kind annually over 388 projects. Investments can therefore bring
high returns. Indeed, the Joint Nature Conservation Committee (nd, cited in MacKechnie et al.
2011) estimated that a £7 million government investment into volunteer monitoring in 2007-
2008 facilitated an in-kind outcome of about £20 million from volunteers. However, citizen
science should not entirely replace research by academic or government organizations,
particularly as many governments require data to enact parts of their environmental legislation
and thus should bear responsibility for the cost and commitment to collect the data (Silvertown
2009; Conrad and Hilchey 2011; MacKechnie et al. 2011; Hoyer et al. 2012; Birkin and Goulson

2015; Le Féon et al. 2016; Owen and Parker 2019).

Value to Participants

Citizen science can increase awareness, knowledge, and skills, as well as conservation and
advocacy efforts among participants and the public (Bubela et al. 2009; Conrad and Hilchey
2011; Miller-Rushing et al. 2012; Socientize Consortium 2013; Toomey and Domroese 2013; Le
Féon et al. 2016; McKinley et al. 2017; NASEM 2018). As we are in an age of increasing

environmental degradation and disconnect from nature, public engagement and nature based
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experiences are key (Conrad and Hilchey 2011; Socientize Consortium 2013; Hannibal 2016;

Acorn 2017; Schuttler et al. 2018).

A person’s attitude towards, and knowledge about, the environment can predict and influence
their behaviours related to conservation (Bickford et al. 2012; Jordan et al. 2012; Toomey and
Domroese 2013). Participation in citizen science projects can lead to a closer relationship to
nature and a greater appreciation of species and their environment (Bickford et al. 2012; Wells
and Lekies 2012; Silvertown et al. 2013; Acorn 2017; Schuttler et al. 2018). It can also lead to
participants becoming experts in the field in the future (Trautmann et al. 2012; Hannibal 2016;
Ballard et al. 2017). But impacts of participation can be short or long lasting (Jordan et al. 2012;
Wells and Lekies 2012), and not all participants report changes in behaviours or actions
(Toomey and Domroese 2013; Ellwood et al. 2017), just as data collection alone does not trigger
understanding of scientific processes (Trautmann et al. 2012). Learning is not always an outcome
of participation (Bonney et al. 2009a, b; Fitzpatrick 2012; Jordan et al. 2012; Phillips et al. 2012;
Jordan et al. 2016), and knowledge does not always lead to an increase in actions (Bickford et al.
2012). Participants may volunteer to enjoy time in nature or with like-minded people, rather than
specifically for nature conservation (Bell et al. 2008). However, some participants have
expressed major changes in how they act (Bonter et al. 2012; Toomey and Domroese 2013;

Jordan et al. 2016), and any positive change is better than no change (Silvertown et al. 2013).

Value to Policy and Management
Citizen science can influence policy and management actions (Firehock and West 1995; Conrad

and Hilchey 2011; Dickinson et al. 2012; Greenwood 2012; Hoyer et al. 2012; Shirk et al. 2012;
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Socientize Consortium 2013; Acorn 2017; Peters et al. 2017; McKinley et al. 2017). However,
the impacts of specific projects are often unknown (Collins and Evans 2002; Conrad and Hilchey
2011; Toomey and Domroese 2013; Acorn 2017). More research is needed into the design of
projects so that desired outcomes occur (Socientize Consortium 2013; Toomey and Domroese

2013; Bonney et al. 2014; Ballard et al. 2017).

Where can citizen science occur?

Projects can occur anywhere in the world, although the United States and Canada have the fastest
growing number of programs (Lawrence 2006 in (Conrad and Hilchey 2011)). Urban
environments are well suited (Davies et al. 2011; van der Wal et al. 2015) but activities can
happen anywhere: backyards, urban parks, conservation areas, other natural and agricultural
areas, or anywhere there is a computer or smart device and internet access (Khatib et al. 2011,
Bonter et al. 2012; Griffin Burns and Harasimowicz 2012; Russell 2014; Hannibal 2016;
EarthWatch 2018; Ryan et al. 2018). Projects may be local, provincial/state/territorial, national,

or international in scope.

Who are citizen scientists?

Just as there is no one definition for citizen science, there is no consensus for what a participant
is called. There is debate over the term to use, as the language has implications for both
volunteer management and knowledge generation (Eitzel et al. 2017). The original use of the
term “citizen scientist” has been credited to Rick Bonney at Cornell University in the United
States in the mid-1990s (Hannibal 2016), although Alan Irwin used the term in Europe in 1994

(Irwin 1995; Follett and Strezov 2015; Hannibal 2016).
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The very first naturalists can be considered citizen scientists (Silvertown 2009; Bonter et al.
2012; Dickinson and Bonney 2012; Miller-Rushing et al. 2012; Russell 2014). Phenological
records date back over three thousand years in China (Bonter et al. 2012; Russell 2014). Many
early naturalists were not professional scientists and conducted their explorations on the side
(Silvertown 2009; Bonter et al. 2012; Dickinson and Bonney 2012; Russell 2014). Over time,
more individuals were hired as professional researchers, and those who pursued their work as a
hobby began to be considered as amateurs (Silvertown 2009; Miller-Rushing et al. 2012).
However, “amateurs” may be well educated, have skills in the area, and even be leading experts
in the field (Collins and Evans 2002; Bell et al. 2008; Bonter et al. 2012; Miller-Rushing et al.

2012; Shirk et al. 2012).

Citizen scientists today are people who generally volunteer on their own time with scientific
projects (Dickinson and Bonney 2012); they range in their level of expertise, although most
projects do not require formal training, credentials, or experience (Danielson et al. 2014;
Hannibal 2016; Acorn 2017). People of all ages, sexes, and abilities can participate. Age
generally does not have an effect on volunteer ability or rate of participation (Silvertown et al.
2013; Ballard et al. 2017; MacPhail et al. 2020a), but different ages may be better suited for
certain activities (Griffin Burns and Harasimowicz 2012; Silvertown et al. 2013; van der Velde
et al. 2017). Participants can volunteer individually, with their family, school, or with a group of
similar or mixed ages (Bonter et al. 2012; Griffin Burns and Harasimowicz 2012; Trautmann et
al. 2012; Ballard et al. 2017; van der Velde et al. 2017; Frigerio et al. 2018). However,
individuals who are the subject or focus of the research project are not citizen scientists

(NASEM, 2018).
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Generally program participants are not as diverse as they could be, with most being middle-aged
or older (Purcell et al. 2012; Toomey and Domroese 2013; MacPhail et al. 2020a), female
(Toomey and Domroese 2013), upper-middle class and white (Purcell et al. 2012; NASEM,
2018). Programs also tend to target and involve groups of avid participants/hobbyists and not the
general public (Fitzpatrick 2012). However technology is allowing citizen science projects to
cross cultural, language, literacy, and physical barriers (Khatib et al. 2011; Kawrykow et al.
2012; Bonney et al. 2014; Russell 2014; Danielson et al. 2014; Hannibal 2016; Liebenberg et al.

2017).

Why do citizen scientists participate?

Participants participate for many reasons. Some enjoy the competition to find rare species or
more species than others, the ability to survey in areas lacking in data, or to add to their life lists
of species (Sullivan et al. 2009; Russell 2014; van der Wal et al. 2015; Hannibal 2016; Acorn
2017; Prudic et al. 2017). Others want to learn about the world around them (Bonter et al. 2012;
Shirk et al. 2012; Trautmann et al. 2012; van der Wal et al. 2015; Voss et al. 2017), contribute to
our overall knowledge (Dickinson and Bonney 2012; Shirk et al. 2012; Trautmann et al. 2012),
help with conservation efforts (Shirk et al. 2012; van der Wal et al. 2015; Lewandowski and
Oberhauser 2017; MacPhail et al. 2020a), gain local knowledge related to a concern in the
community (Firehock and West 1995; Conrad and Hilchey 2011; Greenwood 2012; Miller-
Rushing et al. 2012; Shirk et al. 2012; Russell 2014; Hannibal 2016; Roy and Edwards 2019) or

influence decision making (Conrad and Hilchey 2011; Shirk et al. 2012).
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Many love the social aspect of participating (Bell et al. 2008; Shirk et al. 2012; van der Wal et al.
2015; NASEM 2018) while others appreciate being alone in nature (Bell et al. 2008). Some
participate through school projects (Oberhauser and Lebuhn 2012; Worthington et al. 2012;
Russell 2014) or to protect their livelihoods ((Danielsen et al. 2007) in (Shirk et al. 2012)).
Improving personal skills and abilities is important (Bell et al. 2008; Bonter et al. 2012;
Dickinson and Bonney 2012; Shirk et al. 2012; van der Wal et al. 2015) but so is having fun
(Khatib et al. 2011; Kawrykow et al. 2012; Hannibal 2016; Ponti et al. 2018), and improving

their health (Bell et al. 2008; Wells and Lekies 2012).

Experimental design, data collection, quality control, and analyses

A variety of experimental designs exist, from one-off collections or incidental observations to
formal atlas squares or assigned routes (Bonter et al. 2012; Zuckerberg and McGarigal 2012;
Acorn 2017; Sullivan et al. 2017; McKinley et al. 2017). Resources for guiding citizen science
projects are compiled by the US government (CitizenScience.gov 2020), Citizen Science
Association (2020), California Academy of Sciences (2019), and other organizations (Tweddle et
al. 2012; Pocock et al. 2014). There are also specific resources for data management, including
ensuring data validation and quality and control assurances are in place (USEPA, 2002; Kelling

2012; Strasser et al. 2012; Wiggins et al. 2013; NEIWPCC, 2016).

Projects can be designed to answer specific questions or to collect data broadly (Cooper et al.
2012; Hannibal 2016), but study design must be considered in order for the project’s results to be
accepted and its impacts measured (Bonney et al. 2009b; Conrad and Hilchey 2011; Bonney and

Dickinson 2012; Shirk et al. 2012; Strasser et al. 2012; Wiggins et al. 2013; Hannibal 2016;
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Acorn 2017). Project designers must consider the potential participants and their skill levels, and
develop training materials and methods to suit (Dickinson and Bonney 2012; Frigerio et al.

2018).

Project design is often done by professional researchers but can also include, or even be led by,
members of the public, stakeholders, and other professionals (Conrad and Hilchey 2011; Bonter
et al. 2012; Cooper et al. 2012; Dickinson and Bonney 2012; Shirk et al. 2012). Additional
members can include individuals experienced in statistics (Bonney and Dickinson 2012; Cooper
et al. 2012; Hannibal 2016); data management and analyses (Bonney and Dickinson 2012;
Kelling 2012); computer programming (Jordan et al. 2012; Frigerio et al. 2018; Waldchen and
Méder 2018; Ceccaroni et al. 2019; Terry et al. 2020); volunteer management; collective action;
and social networking theory (Jordan et al. 2012; Purcell et al. 2012; Triezenberg et al. 2012;

Wells and Lekies 2012).

New statistical and computational techniques are being developed that better compile and
analyze complex and unstructured data sets (Cooper et al. 2012; Dickinson and Bonney 2012;
Fink and Hochachka 2012; Gonsamo et al. 2013; Bonney et al. 2014; Pocock et al. 2015; Acorn
2017). They can handle “sampling bias, detection, measurement error, identification, and spatial
clustering (Bird et al. 2013, Munson et al. 2010)”” (Bonney et al. 2014), nonindependence
(Cooper et al. 2012), false negatives (Kelling et al. 2015a), and various other errors or biases
(Fink and Hochachka 2012; Gonsamo et al. 2013; Acorn 2017; Johnston et al. 2018). They can
also be used for data mining (Fink and Hochachka 2012) and model validation (Fink and

Hochachka 2012).
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Historically, participants mailed paper records to researchers, although most now enter records
digitally (Bonter et al. 2012; Purcell et al. 2012). Physical specimens may still be mailed to
researchers (Hannibal 2016; Le Féon et al. 2016; Acorn 2017), viewed in person (Acorn 2017),
or identified from photos (Blake et al. 2012; Acorn 2017; Soroye et al. 2018; Falk et al. 2019;
MacPhail et al. 2020a). Some programs tag animals with the tags later viewed or recovered by

other individuals, who then pass the information to the researchers (Acorn 2017).

Data may be collected in field notebooks (Acorn 2017), data sheets (Worthington et al. 2012),
smart devices (Pimm et al. 2014; Frigerio et al. 2018), or transcribed from historic images or
specimens (Cooper et al. 2012; Hannibal 2016; Acorn 2017). The information can be e-mailed to
the researcher (Hannibal 2016; Le Féon et al. 2016; Acorn 2017), entered through an online
portal (Blake et al. 2012; Worthington et al. 2012; Toomey and Domroese 2013; Pimm et al.
2014; Silvertown et al. 2015; MacPhail et al. 2020a), shared on and/or culled from social media
(Russell 2014; Daume and Galaz 2016; Hannibal 2016; Acorn 2017; Smith et al. 2017), and
photo sharing sites (Stafford et al. 2010; Hiller and Haelewaters 2019). New technology allows
for some data to be automatically recorded and transferred to researchers (Cooper et al. 2012), or
identified automatically (Wéldchen and Mader 2018; Ceccaroni et al. 2019; Terry et al. 2020).
Not all programs require confirmation of observations, although most have techniques to lower

errors in the data (Bonter et al. 2012; Kelling et al. 2015b; Acorn 2017).

The classical citizen science paradigm has participants collecting the data, including identifying
species, and sending it directly to the researchers, while in the expert-assisted paradigm,

participants collect materials and send that to the researchers or other experts to identify (Le
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Féon et al. 2016). Some species groups are well suited for the classical paradigm as they are easy
for citizen scientists to identify but others are more difficult (Le Féon et al. 2016). Alternatives
include accepting a higher taxonomic level of identification or involving experts, although
having enough experts to do the identifications is a challenge (Kremen et al. 2011; Le Féon et al.
2016; Falk et al. 2019; MacPhail et al. 2020a). A further challenge is the quality and composition

of the photos or specimens submitted (Austen et al. 2018).

The accuracy of participants as compared to experts needs to be considered, as volunteers may
have less formal training and/or inherent biases (Trautmann et al. 2012; Danielson et al. 2014;
Silvertown et al. 2015; Austen et al. 2016; Blaney et al. 2016; Johnston et al. 2018; Roy and
Edwards 2019). Yet often their ability to identify species is not questioned, and their experience
not quantified or accounted for (Austen et al. 2016; Acorn 2017). Some programs will accept
identifications from anyone, others have developed a ranking system that takes into account the
individual’s skill, and others allow participants to suggest an identification that is verified by
experts (Blake et al. 2012; Silvertown et al. 2015; Acorn 2017; Falk et al. 2019; MacPhail et al.
2020a). However, in many cases, citizen scientists can provide accurate data (Lovell et al. 2009;
Kremen et al. 2011; Bonter et al. 2012; Hoyer et al. 2012; Danielson et al. 2014; Acorn 2017;
Ballard et al. 2017; Austen et al. 2018). Although the accuracy of the expert is not often

questioned, it can be variable (Suzuki-Ohno et al. 2017; Austen et al. 2018).

There can be serious repercussions for misidentifications, such as “the accidental culling of
endangered species...(Hunt 2015), the incorrect monitoring of harmful algal blooms

(Culverhouse et al. 2013), the unobserved decline in important fish stocks (Beerkircher et al.
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2009), and wasted resources,(Solow et al 2012)” (Austen et al. 2016). It can also “affect
assessments of population status and distribution and result in erroneous conservation decisions
(Elphick 2008, Shea et al. 2011, Runge et al. 2007)” (Austen et al. 2016). It is therefore
important to understand the level of potential error during study design and analysis, and when
developing conservation actions (Austen et al. 2016). This is particularly true for programs that

do not keep photos or specimens (Worthington et al. 2012; Acorn 2017).

Spatial biases are reflected in e.g. more data coming from densely populated areas than rural
areas (van der Wal et al. 2015; Blaney et al. 2016), although this may be balanced by skilled
naturalists focusing outside of urban areas and lay individuals inside (van der Wal et al. 2015).
Species biases occur through selective reporting, over-reporting, or under-reporting of rare or
enigmatic species (Stribling et al. 2008; Gardiner et al. 2012; Kelling et al. 2015b; van der Wal et
al. 2015; Acorn 2017). Temporal biases result from observations occurring more at certain times
of the day or year than others (van der Wal et al. 2015). Non-standard search efforts can be

sensitive to these biases (Pocock et al. 2015; Acorn 2017).

Interpretation of data may need to consider the popularity of a program as compared to the
number of submissions (e.g. is a species increasing or are more individuals participating)(van der
Wal et al. 2015). Researchers also need to consider false positives (reporting a species that is not
present) and false negatives (not reporting a species that is present) (Kelling et al. 2015b). Zero
data (e.g. absence of a species) is often not collected but is very important (Cooper et al. 2012,;

Russell 2014).
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Quality assurance and control, and data validation, are important aspects of all programs. Any
project has the potential for errors (deliberate or accidental); researchers must attempt to
recognize, control, and fix or remove them (USEPA, 2002; MacKechnie et al. 2011; Strasser et
al. 2012; Worthington et al. 2012; Wiggins et al. 2013; NEIWPCC, 2016; Rasmussen 2019; Roy
and Edwards 2019). Some programs may keep erroneous data in user profiles and online maps so
as to not hurt the observers feelings; this is concerning and it is important for data users to obtain
a good understanding of the data status and background before using (Bonter et al. 2012).
Misconduct and incorrect information should be corrected immediately to prevent problems with

credibility, data analyses, and funding (Rasmussen 2019; Roy and Edwards 2019).

Both current and historic data sets can cover a spectrum of data types, techniques, and levels of
participation (Miller-Rushing et al. 2012; Worthington et al. 2012). It is important to review any
program documentation to determine the value and quality of the data and how the details may

affect analyses (Kelling 2012; Miller-Rushing et al. 2012; Wiggins et al. 2013).

Challenges with citizen science

Although there are many positive outcomes of citizen science, there are also challenges and
drawbacks (Figure 2.2). These include issues involving participants, researchers, experimental
design and data collection, data use, and the need for specialists. While they may not be unique
to citizen science programs, they still should be identified and addressed. Some solutions are

discussed below.
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Barriers related to economics, social status, culture, accessibility, time, language, transportation,
plus discrimination, lack of trust, or a perception of science being “boring”, may prevent
individuals from participating (Conrad and Hilchey 2011; Bonter et al. 2012; Purcell et al. 2012;
Worthington et al. 2012; Birkin and Goulson 2015; Acorn 2017). Designing and running a
citizen science program can take time away from researcher’s professional work and potentially
reduce their productivity (Dickinson and Bonney 2012; Silvertown et al. 2013); early career
researchers may not be able to make the necessary commitment (Irwin 2018). Obtaining
adequate funding to start and sustain projects can also be a challenge (Silvertown 2009; Conrad
and Hilchey 2011; Bonter et al. 2012; Dickinson and Bonney 2012; Silvertown et al. 2013;

Blaney et al. 2016; Frigerio et al. 2018).

Projects may not have a robust experimental design, such as an adequate sample size or a plan to
analyze the data (Conrad and Hilchey 2011; Bonney and Dickinson 2012). They may collect the
wrong type of data or be seen as monitoring for the sake of monitoring (Conrad and Hilchey
2011; Toomey and Domroese 2013). With the variation in the types and scope of data being
collected, new computer programs and types of analyzes are needed (Conrad and Hilchey 2011,
Bonney and Dickinson 2012; Cooper et al. 2012; Ceccaroni et al. 2019). Any delays in
identifications or analyses can have a negative effect on participant involvement, as well as for

end users such as policy makers and conservationists (van der Wal et al. 2015).

Unfortunately, due to concerns related to quality, validity, and consistency of the data and
experimental design, results of citizen science programs are not always accepted or used by other

researchers, peer-reviewed journals, or decision makers (Conrad and Hilchey 2011; Cooper et al.
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2012; Hoyer et al. 2012; Silvertown et al. 2013; Burgess et al. 2017; Rasmussen 2019). While
Burgess et al. (2017) found that data quality itself was not a strong barrier to researcher use of
data, lack of awareness of the data and researcher bias were. These concerns can mean that
much-needed data for species conservation status assessments may be excluded, targeted habitat
conservation actions may not occur, ongoing environmental issues (e.g. pollution, noise) may not
be addressed, models may not be validated correctly, and policy may not be developed. As well,
funders of the program may be upset that there were “no” results and be reluctant to fund
additional programs in the future, and volunteers may be disheartened by the impression their
work was not useful and not participate in the future. Other programs may not be able to learn
from or build off the excluded program(s) data. Finally, the discrediting of some citizen science

data may put a pall over other programs, negatively influencing their success and impressions.

It is difficult to make broad statements about the impact of citizen science as there is no
standardized method of assessment (Bonney et al. 2009a; Conrad and Hilchey 2011; Jordan et al.
2012; Phillips et al. 2012), although frameworks are being discussed (Bonney et al. 2009a;
Jordan et al. 2012; Phillips et al. 2012; Wells and Lekies 2012; Toomey and Domroese 2013;
Ellwood et al. 2017). Most frameworks are based on those that evaluate public participation in
scientific research (Phillips et al. 2012; Blaney et al. 2016; Schroter et al. 2017), while some are
specific to children and their environmental attitudes, behaviours, knowledge, and measure of
fear (Wells and Lekies 2012), or specific to informal science education (Bonney et al. 2009a;
Phillips et al. 2012). Current methods have trouble evaluating slight changes in knowledge or
attitude, particularly when a participant already had experience in an area (Phillips et al. 2012),

or to prove that learning was a result of participation (Phillips et al. 2012). It is still important to
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take pre and post measures in order to evaluate impacts of participation, whether through
workshops, online quizzes, or other methods (Phillips et al. 2012; Wells and Lekies 2012).
Participants have different cultural, economic, social, ethnic, and geographic makeup, making

analyses even more difficult (Phillips et al. 2012).

While much of science relies on comparison to a control group, it is hard to get unbiased groups
for citizen science projects, particularly for randomized control trials (Phillips et al. 2012; Wells
and Lekies 2012). This could potentially be accomplished by having a waiting list of people who
may/will participate in the future, with individuals randomly assigned to the wait list and the

participation groups (Wells and Lekies 2012).

There are also areas of research that can not be done by citizen scientists, where professionals are
required due to specialized experience, equipment, or other project requirements (Fitzpatrick
2012; Tidball and Krasny 2012; Blaney et al. 2016). Professionals may be required to meet
regulations, such as with animal handling or health and safety (Buesching and Slade 2012 in
(Silvertown et al. 2013)), or site access concerns (Blaney et al. 2016). Finally, some argue that
long-term monitoring should only be done by professionals rather than volunteers (Luzar et al.

2011 in (Danielson et al. 2014)).

Economic, social, and political-economic controversy
Citizen science can provide cost-effective ways for data collection (see discussion above).
However, a social and political-economic controversy exists related to the reduction in funding

many projects are experiencing or the unequal funding paid to new or high-profile projects
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(Nestle 2001; Rosenstock and Lee 2002; Ancker and Flanagin 2007; Bozeman and Gaughan
2007; Bubela et al. 2009; Conrad and Hilchey 2011; Bonter et al. 2012; Silvertown et al. 2013;

Godfray et al. 2015; Hannibal 2016).

One area of concern is that funding can be cut, only given in the short-term, and/or be vulnerable
to loss. Monitoring projects in particular are often not seen to provide a lot of value (Silvertown
et al. 2013; Hannibal 2016). Projects face problems if funding is reduced (Conrad and Hilchey
2011), as is common with funders that prefer to support new programs, even if longer-running
programs produce more valuable data and other outcomes (Dickinson and Bonney 2012; Blaney
et al. 2016). Even if funding is maintained, projects can struggle to meet deliverables and expand
(Bonter et al. 2012). However, cutbacks in internal government funding can cause an increase in
citizen science, as governments still want, and may even be required by law, to collect data and
carry out monitoring (Conrad and Hilchey 2011; Owen and Parker 2019); in these cases, they

should make funding citizen science a priority (Conrad and Hilchey 2011).

Funding may come with requirements, such as working with industry partners (Bozeman and
Gaughan 2007). A dependency on private funding and bureaucracy can also limit or decrease
public trust (Bubela et al. 2009). In the United States, federal funding is decreasing annually
while industry funding is increasing, which brings potential concerns about directions of research
and biases (Rosenstock and Lee 2002; Bozeman and Gaughan 2007). Funding may come from
participants themselves via participation fees or material costs (Bell et al. 2008; Bonter et al.

2012; Chu et al. 2012; Silvertown et al. 2013; EarthWatch 2018).
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Politics and legislation can encourage or discourage citizen science. For example, Wyoming
passed a law in 2015 that permitted charging individuals who collect “resource data” on “open
lands” as trespassers if they intend to submit that information to the government; the law was
amended in 2016 but it is still a discouragement to citizen scientists (Pidot 2015; Opar 2017).
Wyoming has also pushed to only allow water quality data to be collected by governmental
entities or contractors, which would prohibit citizen science (Thuermer 2020; Wyoming
Department of Environmental Quality 2020). However, the United States government passed
legislation in 2017 that explicitly permitted the involvement of crowd sourcing and citizen
science activities that furthered the missions of its federal science agencies (United States
Government 2017). The US also assembled an online toolkit to facilitate citizen science

(CitizenScience.gov 2020).

What is success and how can it be measured?

Individuals, science, and society all benefit from citizen science (Bonney et al. 2014; Sterling et
al. 2017; Sullivan et al. 2017; McKinley et al. 2017; Irwin 2018; NASEM, 2018; Sharma et al.
2019). Outcomes vary depending on why the project was created, how it was designed and data
used, and how the volunteers embraced it (Theobald et al. 2015; Bonney et al. 2016; Ballard et
al. 2017; Ellwood et al. 2017; Forrester et al. 2017; NASEM 2018; Ponti et al. 2018).
Quantifiable outcomes include number of individuals involved, data records, website visits,
publications, workshops and media articles, (Bonter et al. 2012; Phillips et al. 2012; Shirk et al.
2012; Gonsamo et al. 2013; Follett and Strezov 2015; Theobald et al. 2015; Aceves-Bueno et al.
2017; Irwin 2018). Qualitative outcomes include an increase in knowledge or the quality of

volunteer involvement (Bonney and Dickinson 2012; Shirk et al. 2012).
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Projects may have vastly different numbers for their metrics of success, often due to the type and
longevity of the program, but all be considered equally successful by their organizers. For
example, the stand alone, single city Neighbourhood Nestwatch program had at least 12 peer-
reviewed publications after about a decade (Bonter et al. 2012), while at least 150 have come
from the Cornell Lab of Ornithology, which has been involved in multiple projects globally for
about a century (Cornell Lab of Ornithology 2018). Projects associated with the international
Earthwatch organization averaged 6.5 publications and 5.2 contributions to management plans
and policies each over a seven year period (Chandler et al. 2017). Other projects may not publish
their results in peer-reviewed journals (Follett and Strezov 2015; Theobald et al. 2015; Sullivan

et al. 2017) but in other areas like project newsletters (Follett and Strezov 2015).

The number of observations submitted to a program also varies. The online Zooniverse platform
reports over 12 million daily observations across its programs (Sauermann and Franzoni 2015),
while the international eBird program had more than 300 million observations submitted in the
first twelve years of the program, with more than 70 million in 2015 alone (Sullivan et al. 2017).
The North American eButterfly receives tens of thousands of observations per year (Prudic et al.
2017), while the UK BeeWatch had 10,000 records submitted and verified in its first three and a
half years of operation (van der Wal et al. 2015). The Global Biodiversity Information Facility
has estimated that “half of its billions of data points [come] from lay sources [and] that it has

supplied data for more than 2,500 peer-reviewed papers in the past ten years” (Irwin 2018).

Generally only a small fraction of people who express interest in a project participate, and even
fewer are high contributors (Wood et al. 2011; Worthington et al. 2012; Birkin and Goulson

2015; Sauermann and Franzoni 2015; Andow et al. 2016; Domroese and Johnson 2017;
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MacPhail et al. 2020a); this seems to be particularly true for projects that are larger in size and/or
online, although some projects do have high retention rates (McCaffrey 2005; Bonter et al. 2012;
Sauermann and Franzoni 2015; Theobald et al. 2015). However, “super volunteers” help to offset
overall lower participation rates (Wood et al. 2011; Hames et al. 2012; Sauermann and Franzoni
2015; Hannibal 2016; MacPhail et al. 2020a). Previous experience by participants may increase
the success of data collection (Danielson et al. 2014; Birkin and Goulson 2015; Kelling et al.
2015b); over time, the learning curve decreases while accuracy and breadth of data increases

(Danielson et al. 2014; Kelling et al. 2015b).

Participation can result in an increased understanding of and interest in science (Bonney and
Dickinson 2012; McKinley et al. 2017). It can result in participants becoming resources to be
approached by others (conservation professionals, school groups, etc.) (Bonter et al. 2012), or
participants asking their own questions, which in turn could be answered by using citizen science

data (Dickinson and Bonney 2012).

How can citizen science programs be improved?

Study design

As every project has different goals and outcomes, there is no one experimental design that will
work for all projects. However, researchers can still use standardized techniques and obtain
useable data (Cooper et al. 2012; Shirk et al. 2012). Programs based at regional citizen science
societies and related organizations (e.g. citizenscience.gov, citizenscience.org,
citizensciencealliance.org, ecsa.citizenscience.net, citizenscience.org.au, and citsci.org), in
addition to the peer-reviewed journal on citizen science

(theoryandpractice.citizenscienceassociation.org), provide resources to assist others, although
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additional funding and collaboration with experts would improve them further (Bonney et al.

2014; Russell 2014; Ellwood et al. 2017).

Repeated sampling at a site is preferred versus one-off observations to better account for site or
user effects, distinguish between false positives and negatives, and to evaluate changes over time
(Cooper et al. 2012; Zuckerberg and McGarigal 2012; Hannibal 2016; Acorn 2017), although
long-term repetition of point in time collections can still help to find new species, range
extensions, and other data (Acorn 2017). A few ways to avoid non-random/unrepresentative data
include using a stratified random sampling design or gridding the region of interest; non-random
distribution of sampling points can be taken into account for analysis and interpretation (Cooper
et al. 2012; Greenwood 2012). It is important that all areas that need to be surveyed are included
in the study (e.g. to compare historically surveyed sites), rather than having an open survey
process (Worthington et al. 2012; van der Wal et al. 2015). However, observations that are not
from repeated survey sites, including those that are incidental, can still be used and can be quite
valuable (Hochachka et al. 2012; Sullivan et al. 2017; Zapponi et al. 2017; Gazdic and Groom

2019; Mueller et al. 2019; MacPhail et al. 2019; Meiners et al. 2020; Wilson et al. 2020).

Projects must encourage the submission of zero data (Cooper et al. 2012; Russell 2014) and the
recording of search effort, as this can help researchers identify undersampled or oversampled
areas or quantify variability in data (Zuckerberg and McGarigal 2012). Where possible, the
project should be set up so that data analyses can include observer skill as a factor (Kelling et al.

2015b). Researchers should choose the best species to monitor that will both fit with the research
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question and be as easy as possible for participants to identify and engage with (Worthington et

al. 2012; Danielson et al. 2014).

Pilot studies can help ensure training materials are understood, data are collected efficiently and
accurately, participants are engaged in the program, feedback can be addressed, and data can be
analyzed (Bonney and Dickinson 2012; Bonter et al. 2012; Greenwood 2012; Jordan et al. 2012;
Shirk et al. 2012; Worthington et al. 2012; Birkin and Goulson 2015; Frigerio et al. 2018). It is
important to allow for uncertainly to be acknowledged during data recording or verification
(Purcell et al. 2012). Researchers need to determine how to verify records during project design,

such as through the submission of photos and not just text (Worthington et al. 2012).

Standardized terminology, classification codes, and methods of recording and entering data can
reduce many errors (Greenwood 2012; Kelling 2012; Wiggins et al. 2013). Multiple individuals
can also assess the same record to ensure agreement (Russell 2014). Data can be flagged
automatically if they fail pre-set criteria (e.g. spatial, temporal, numerical) or a quality assurance
test (Bonter et al. 2012; Kelling 2012; Silvertown et al. 2013; Russell 2014), although this latter
approach does not catch records that are plausible but incorrect (Bonter et al. 2012). It is best if
information can be georeferenced to a precise area, whether it be through GPS units, geocoding
based on street addresses, selection of a site through online mapping programs, or other methods,
as this may allow for multiple uses of the data, including for habitat and landscape level analyses

(Zuckerberg and McGarigal 2012).
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Project leaders need to identify learning goals before starting, and design protocols that will
result in them, realizing that different approaches may be needed for volunteers than traditional
ones used with experts (Jordan et al. 2012; Strasser et al. 2012; Wiggins et al. 2013; NASEM,
2018). For retention to be high, projects should meet the needs of the participants and
communities involved; researchers need to have someone who can relate to the community and

understand their concerns/biases/strengths (Purcell et al. 2012; Trautmann et al. 2012).

It is important to assess the value and viability of projects at all stages. Blaney et al. (2016)
discus four methods, including Return On Investment (values based on financial aspects alone),
Cost-Benefit Analysis (values to society, including monetary and non-monetary ones), Cost-
Effectiveness Analysis (monetary costs of citizen science as compared to different options), and
Multi-Criteria Analysis (comparing value of different options using monetary and non-monetary
costs). As more organizations undertake these evaluations, more evidence can be gathered to

support current and future investment in citizen science projects.

Volunteer recruitment, training, support, retention

Individuals react differently to recruitment materials depending on their age, national or cultural
identity, societal class, and educational background (Silvertown et al. 2013). They also have
different motivations for volunteering, from wanting to learn new skills to making a difference in
their community to feeling a sense of power (Bonney and Dickinson 2012; Chu et al. 2012,
Silvertown et al. 2013; Domroese and Johnson 2017; MacPhail et al. 2020a). Therefore programs
must develop specific messages and use different communication channels, depending on the

group(s) they wish to target, rather than one message for a general audience (Bonney and
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Dickinson 2012; Chu et al. 2012; Worthington et al. 2012; Silvertown et al. 2013). Wymer
(2003) in (Chu et al. 2012) suggests that volunteers be considered as customers, and similar
principles considered and actions taken as done by businesses in finding and retaining new

customers.

Communications should be made locally relevant, even if part of a broader project (Chu et al.
2012). Messaging should reinforce reasons for and positive outcomes of participation, such as by
announcing a data gap in a specific region and the need for people to submit information (van
der Wal et al. 2015), or by promoting the health and wellness benefits of participating (Chu et al.
2012), while also linking the scientific and conservation angles (Chu et al. 2012).
Communications can also tie into specific events (Worthington et al. 2012), and contests and

promotions can increase media attention and recruit new people to a project (Chu et al. 2012).

Barriers to participation must be considered and avoided where possible. For example, a required
payment for participation may be prohibitive (Bell et al. 2008; Bonter et al. 2012; Silvertown et
al. 2013). Projects that have support and training materials in multiple languages, or heavily rely
on graphics versus written text, can reach more people (Purcell et al. 2012; Worthington et al.
2012; Liebenberg et al. 2017). However projects may unconsciously exclude certain minority or
underrepresented groups (Purcell et al. 2012; NASEM, 2018). Project organizers must ensure
projects are inclusive, equitable, and diverse (NASEM, 2018). Partnerships with other
organizations can help researchers reach niche communities or underserved audiences (Chu et al.

2012; Purcell et al. 2012; Silvertown et al. 2013).
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Youth involvement is also encouraged as involvement as a youth translates into involvement as
an adult, and there is a concern that the current majority of volunteers may soon no longer
participate due to age (Wells and Lekies 2012). As well, there is a need to get more families and
children out into the natural world “to know it and care for it” (Dickinson and Bonney 2012), and

“build their capacity for future conservation actions” (Ballard et al. 2017).

Researchers should encourage people to recruit others with whom they rarely interact with in
order to bring more people in and move away from a “preaching to the choir” approach
(Triezenberg et al. 2012). These weak-tie relationships may help spread new information faster
than close-tie/strong-tie relationships, although the latter can help to reinforce and foster

adoptions of new behaviours (Triezenberg et al. 2012).

Creating tools of value to participants, like the ability to view their own data online and to
explore data submitted by other participants, as well as customized data portals for specific
projects or areas, can help lead to increased participant involvement (Chu et al. 2012; Acorn
2017; Prudic et al. 2017). However, more research is needed to understand why some people

contribute to projects while others “free ride” on contributed data (Triezenberg et al. 2012).

Advertising can be done through a variety of channels, including social media (Chu et al. 2012;
Birkin and Goulson 2015; Liberatore et al. 2018), blogs, YouTube, RSS feed (Chu et al. 2012),
websites (Bell et al. 2008; Bonter et al. 2012; Toomey and Domroese 2013; Birkin and Goulson
2015), e-mail listservs (Bonter et al. 2012; Toomey and Domroese 2013), newsletters (Bonter et

al. 2012; Birkin and Goulson 2015), presentations, flyers (Bonter et al. 2012; Chu et al. 2012),
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special events (Toomey and Domroese 2013), conferences (Worthington et al. 2012), other
organizations (Bonter et al. 2012; Jordan et al. 2012; Wells and Lekies 2012), and traditional
print and broadcast media (Bell et al. 2008; Bonter et al. 2012; Chu et al. 2012; Worthington et
al. 2012; Silvertown et al. 2013; Toomey and Domroese 2013; van der Wal et al. 2015).
However, while media can increase awareness of a project, it may not always result in large
numbers of volunteers (Silvertown et al. 2013) or it can recruit too many people, overwhelming
the program organizers (Bell et al. 2008). It may be necessary to target publicity to groups that

are more likely to participate in order to increase recruitment (Worthington et al. 2012).

Volunteers can be trained in program protocols through a variety of methods. Static training and
support documents can be mailed out physically or electronically (Firehock and West 1995;
Bonter et al. 2012; Shirk et al. 2012; Birkin and Goulson 2015) or resources can be made
available online (Bonter et al. 2012; Purcell et al. 2012; Shirk et al. 2012; Worthington et al.
2012; Toomey and Domroese 2013; Birkin and Goulson 2015). Participants can carry out
simulations of data collection tasks and get feedback, helping them to improve their skills
(Bonney and Dickinson 2012; Jordan et al. 2012; Worthington et al. 2012) while giving
researchers the opportunity to evaluate their skill level and potential biases (Dickinson et al.

2010 in (Dickinson and Bonney 2012)).

Workshops or trainings are often held in-person, varying from a few hours to several days in
length (Kremen et al. 2011; Bonney and Dickinson 2012; Bonter et al. 2012; Hames et al. 2012;
Jordan et al. 2012; Silvertown et al. 2013; Toomey and Domroese 2013; Danielson et al. 2014;

Hannibal 2016; Le Féon et al. 2016). VVolunteer accuracy has been shown to increase if training
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is provided in-person with an expert as compared to just online or mailed materials (Silvertown
et al. 2013). Multiple trainings held over time can allow for people to process instructions, build
on knowledge, gain experience with the protocols, and avoid information overload (Jordan et al.
2012; Trautmann et al. 2012; Silvertown et al. 2013). Training should be provided on
recognizing and avoiding biases, and the consequences of not doing so (Jordan et al. 2012;

Silvertown et al. 2013).

It is important that participants can connect with project leaders. Some programs provide a phone
number for participants to call with questions or problems (Firehock and West 1995; Bonter et
al. 2012; Purcell et al. 2012; Shirk et al. 2012; Birkin and Goulson 2015), while others regularly
correspond by e-mail (Bonter et al. 2012; Chu et al. 2012; Purcell et al. 2012; Toomey and
Domroese 2013), and others have participants and researchers meet up periodically during the
year (Bonter et al. 2012; Hames et al. 2012; Danielson et al. 2014; Hannibal 2016). Support and
information sharing can come from both researchers and participants through online discussion
forums, blogs, and social networking tools (Bonney and Dickinson 2012; Bonter et al. 2012;
Triezenberg et al. 2012; Toomey and Domroese 2013; Daume and Galaz 2016; Liberatore et al.
2018). Small programs with more interactions with researchers, particularly in-person, may yield
more impact on participants and greater change in their behaviour, knowledge, and actions than
programs with solely online training or single workshops (Bonter et al. 2012). More research is
needed to understand how virtual communications and trainings work to connect people and

create a sense of community (Triezenberg et al. 2012; Liberatore et al. 2018).
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An important aspect of project management involves participant retention, as this decreases
initial training and recruitment costs, builds expertise, and increases data quality (Bonter et al.
2012). In addition to regular communications, volunteers want to receive feedback on and be
recognized for their efforts, have their motivations for participating met, and have a rewarding
experience (Conrad and Hilchey 2011; Chu et al. 2012; Fitzpatrick 2012; Greenwood 2012;
Purcell et al. 2012; Silvertown et al. 2013; Acorn 2017; Prudic et al. 2017; NASEM 2018). Too
often programs are just about getting the data, leaving the participants feeling undesired and

unappreciated (Silvertown 2009).

Feedback can be automatically sent to volunteers after data are submitted or verified (Silvertown
2009; Worthington et al. 2012; Russell 2014; van der Wal et al. 2015, 2016), while interactive
websites can display their data live and compare it to other data on maps or to past records by the
participant (Sullivan et al. 2009; Bonney and Dickinson 2012; Bonter et al. 2012; Chu et al.
2012; Dickinson and Bonney 2012). Participant spotlights can be placed online or in newsletters
(Chu et al. 2012). A general acknowledgement of volunteers can occur in the media directly, and
by sharing results showing the value of their work (Bell et al. 2008; Silvertown et al. 2013; van

der Wal et al. 2015).

Social interactions and a feeling of community with other volunteers and project leaders, whether
done in person or electronically, are important to keep people interested and engaged (Bell et al.
2008; Bonter et al. 2012; Hames et al. 2012; Shirk et al. 2012; Triezenberg et al. 2012;
Silvertown et al. 2013; Hannibal 2016; NASEM, 2018). Some programs are small and locally

based or have regional branches that can provide a more local connection and targeted
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information to participants (Bell et al. 2008; Greenwood 2012). Informal mentorship between
more experienced and inexperienced participants can be quite valuable, even with larger
programs (Bell et al. 2008). Concerted efforts to communicate with past and present participants
and targeted groups can help to regain and increase participation over time even after the initial

wave of enthusiasm for a project has passed (Chu et al. 2012).

It is important for citizen science programs to capture the interest of “super volunteers” and
engage and support them (Silvertown et al. 2013; Hannibal 2016). They could be encouraged to
write articles about their participation to be published in newsletters or online (Trautmann et al.
2012), recruited for more in-depth research projects (Cooper et al. 2012; Hames et al. 2012), and

encouraged to present at program events or scientific conferences (Trautmann et al. 2012).

Monitoring can be boring and repetitive, leading to carelessness and lower quality data
(Silvertown et al. 2013; Russell 2014; Hannibal 2016). The best participants are those who are
dedicated to a particular site and are attuned to small changes (Purcell et al. 2012; Russell 2014;
Hannibal 2016). Successful programs may tie into the participants main interests and skills
(Conrad and Hilchey 2011), livelihoods, regular routines, or to their cultural or spiritual values

(Danielson et al. 2014) or their motivations (Chu et al. 2012; NASEM, 2018).

Projects vary in the type of equipment required. Some projects are only online, requiring users to
have a computer and internet access to participate (Khatib et al. 2011; Russell 2014; van der Wal
et al. 2015; Hannibal 2016). Others have the user collect data in the field and then enter it online

(Bonter et al. 2012; Jordan et al. 2012; Gonsamo et al. 2013; Starr et al. 2014; Birkin and
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Goulson 2015), although sometimes the data are mailed back to the researchers (Acorn 2017).
Participants may be provided with specific items, (Jordan et al. 2012; Birkin and Goulson 2015;
Le Féon et al. 2016) although participants may still need to supply some items (Birkin and
Goulson 2015). The creation and use of localized species lists and field guides can make
identifications easier for novices as compared to the more traditional regional or continental

guides (Silvertown 2009).

Data management, security, longevity

Thought must be given to the life cycle of data, particularly for the long term use, reuse, and
preservation of the data (USEPA, 2002; Kelling 2012; Strasser et al. 2012; Wiggins et al. 2013).
Funders are increasingly requiring data management plans (Kelling 2012) and as citizen science
data are essentially public data, they should be housed in a permanent collection (Kelling 2012).
It is important to be able to combine project data with other data sets, and plan for their use in the
future (Greenwood 2012; Wiggins et al. 2013; Hannibal 2016), showing the need for common
frameworks and data standards (McKinley et al. 2017).

Data should be stored in a database management system as this allows access to multiple
individuals at once and can link and analyze large quantities of related information in a
systematic way (Cooper et al. 2012; Kelling 2012). This system is different from a spreadsheet
program, which is prone to increasing errors or loss of data due to researcher error (Kelling
2012). Database programs can be tied to GIS applications (Cooper et al. 2012), and can be
handle data from single or multiple projects (Kelling 2012). Citizen science programs could
often support a common database structure (Bonney and Dickinson 2012; Kelling 2012;

Worthington et al. 2012), although some program databases will still need to be custom built
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(Worthington et al. 2012), and success relates to the quality of the database cyber-architecture

itself (Newman et al. 2011 in (Acorn 2017), (Bonney and Dickinson 2012)).

Metadata, or information about the methods used to gather the data, must be developed and
associated with the data (Kelling 2012; Strasser et al. 2012; Wiggins et al. 2013). It is usually in
a standardized format, with two interchangeable standards recommended for citizen science: the
Biological Data Profile, developed by the Federal Geographic Data Committee (FGDC), and the
Ecological Markup Language, developed by the ecological community based on the FGDC

standard (Kelling 2012).

Data must be protected through multiple secure backups (Bonney and Dickinson 2012; Wiggins
et al. 2013; Acorn 2017). It should also be archived, which is the process of storing data together
with the metadata in a long-term storage device (Kelling 2012; Wiggins et al. 2013). It is
important to maintain access to the database, even if or after the project has ended (Acorn 2017).
The Cornell Lab of Ornithology has a comprehensive backup and archival process for their data
(Kelling 2012):
“First, every month each database is backed up in its entirely, initially to locally running
disks and then off-site to a tape/disk backup system. Any and all changes made to the
database are also simultaneously written locally to “change logs” on two different disk
volumes. The logs are copied to the off-site system every four hours, and because they
grow quickly (currently more than 13 GB/day), once or twice each week they are
packaged into “incremental backups” and copied off-site. Therefore even if the database

machine suffered a complete loss, only the most recent four hours of user data activity
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would be irretrievable. Finally, we perform database restoration exercises several times
each year to simulate total loss of the database machine. These exercises prove the
viability of the backups, improve our restore procedures, and prepare us for an actual

restore.” (Kelling 2012)

Prior to a program starting, policies should be developed about data sharing and management, on
topics like intellectual property and open access of data, and to outline any legal or liability
considerations (Strasser et al. 2012; Wiggins et al. 2013; Sullivan et al. 2017; McKinley et al.
2017; Heigl et al. 2019b). Finally, data privacy and confidentiality must be maintained,
especially when data are being shared or presented (Wiggins et al. 2013; McKinley et al. 2017;
Heigl et al. 2019b). This can range from anonymizing data to using locked or password protected

storage devices (Wiggins et al. 2013).

Data awareness, sharing and project overlap

Visibility of citizen science programs, and the existence of their data, needs to be increased
amongst scientists to increase the data usage; data should be made widely available, and be
frequently shared with national or international repositories (Strasser et al. 2012; Hochachka et
al. 2012; Wiggins et al. 2013; van der Wal et al. 2015; Acorn 2017; Burgess et al. 2017; Sullivan
et al. 2017; McKinley et al. 2017; Heigl et al. 2019b; MacPhail et al. 2020a). Projects should be
evaluated and the outcomes (both positive and negative) shared to allow others to use it as a
model or to improve similar projects; to add to our knowledge of ecosystem function; and to
contribute to socio-ecological topics (Conrad and Hilchey 2011; Bonney and Dickinson 2012;

Gonsamo et al. 2013; Blaney et al. 2016).
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It is important to keep participants informed as to the study’s progress and results (MacKechnie
et al. 2011; Bonney and Dickinson 2012). However, participants should be informed from the
outset that some questions may take multiple years of data to understand/analyze (Bonney and
Dickinson 2012; Frigerio et al. 2018). Updates and results should be shared with other target
audiences, such as landowners, conservation partners, and managers (Bonney and Dickinson
2012; Bonney et al. 2014; Frigerio et al. 2018). While results should be published in academic,
peer-reviewed papers, they must also be provided in formats that participants and other
stakeholders can access and understand (Bonney and Dickinson 2012). Online availability makes
it easy for others to access and analyze the data and further increase its reach and value
(Silvertown 2009; Bonter et al. 2012; Trautmann et al. 2012; Follett and Strezov 2015; van der
Wal et al. 2015; Hannibal 2016). It can also help move citizen science projects along the
spectrum from having participants just collecting data to them analyzing the patterns (Hannibal

2016).

There are pros and cons to the collecting of data or projects under a larger group’s umbrella. For
example, some smaller grass-roots projects may be best left on their own while others may be
taken over by a larger program, particularly if they have more support/resources (Acorn 2017). If
data from one project are fed into another, participants need to decide what program to submit
their data to, and may decide to bypass the smaller program in favor of going directly to the
larger one (Acorn 2017). But by one group supporting smaller groups, they may be able to

recruit and support the participants and researchers (Acorn 2017).
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It is also important to avoid duplication of efforts. There can be multiple programs in the same
area collecting similar data, which can confuse potential participants and/or result in patchy data
(Bonter et al. 2012; Bonney et al. 2014; Russell 2014). Data collection should be standardized
across programs, even if there are additional specific questions, and incorporated into one

database (Bonter et al. 2012; Bonney et al. 2014; Russell 2014).

Increased funding and paid staff

Even with the use of volunteers, programs often struggle with getting enough funds to manage
their project. But it is important to consider human resources costs for projects; a paid project
leader and/or assistants can greatly increase program success (Bonter et al. 2012; Chu et al.
2012; Greenwood 2012; Worthington et al. 2012). Assistants can help with project planning,
recruitment, promotion, mediation, analyses, and evaluation; respond to participant questions and
comments; allow for more projects to be launched; and generally take pressure off the main
project leaders (Bonter et al. 2012; Chu et al. 2012; Greenwood 2012; Worthington et al. 2012).
Additionally, the cost to hire or provide honoraria to experts (e.g. for identification services)
must be considered in budgets (Le Féon et al. 2016). As discussed earlier, it is important to
evaluate the monetary and non-monetary values of projects at all stages (Blaney et al. 2016),

which by necessity will take into account expenses in addition to outcomes.

Conclusion

While scientific research has been carried out by unpaid individuals for centuries, citizen science
as a field is relatively new, increasing in popularity over the last few decades. It allows
individuals of various backgrounds and skill levels to develop and/or participate in programs

collecting information about the world around them, increasing their knowledge, and potentially
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changing their behaviours related to conservation. Vast quantities of data are now available to
help address research questions that would not otherwise be possible without these participants,
which in turn help to inform policy and management decisions. The development of new
technologies, particularly computers, smart phones, and high-speed internet, are increasing the
depth and breadth of data being collected, and the diversity of volunteers who can participate.
New experimental designs, databases, and statistical analyses, and common definitions,
frameworks and data standards, are being developed to help collect and process new data alone
and in conjunction with historic data, as well as store it securely and allow for sharing amongst

participants, stakeholders, and other interested parties.

However, challenges do exist. It can be difficult to recruit and retain a diverse group of
participants. Projects must be carefully and frequently evaluated and adapted as necessary.
Researchers may need to gain experience in new disciplines of work, while juggling volunteer
management and communication and their basic research, although having dedicated individuals
to assist can help. As with any project, but especially with those using large numbers of
volunteers, data collection can be patchy, incomplete, or include errors. Similarly, funding can be
difficult to obtain, particularly for longer-term studies, and has a high potential for social-
economic or political controversy. In some cases, citizen science data are not recognized or used
by other researchers or decision makers, and it can be hard to truly evaluate the outcomes and
impacts of a project. Additionally, small-scale programs, or larger-scale programs with patchy
participation, may not generate the information needed to answer pressing questions, particularly

related to conservation in changing times.
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There are still areas where more research is needed, technological through social, and
interdisciplinary teams must be put together when developing and running citizen science
programs. Insights need to be shared and results (both positive and negative) communicated
widely through the citizen science community, the broader scientific ones, and the public. But
the potential is there for even further involvement and growth of citizen science programs, to the

value of human societies and healthy ecosystems around the world.
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Table 2.1. Other terminologies used for citizen science.
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Term

Reference

Community science

Conrad and Hilchey, 2011

Community-based management

Conrad and Hilchey, 2011

Community-based monitoring

Conrad and Hilchey, 2011

Community and citizen science (Ballard et al.
2017)

Ballard et al., 2017

Crowd-sourcing™

Eitzel et al., 2017 (but see e.g. McKinley
etal., 2017)

Participatory monitoring networks

Bell et al., 2008

Participatory research

Hannibal, 2016

Public participation in organized research efforts

Dickinson and Bonney, 2012

Public participation in scientific research

Shirk et al., 2012

Voluntary biological monitoring

Conrad and Hilchey, 2011

*Some authors explicitly include crowd sourcing in with citizen science, where the term involves
large numbers of volunteers collecting data often with small specific tasks to accomplish. Others
do not include crowd sourcing, where participants are only involved in basic data processing and
analysis with no connection to the underlying science.
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Chapter 3. A Community Science program worth buzzing about: Bumble Bee Watch
increases ecological understanding and range coverage of an important pollinator group
across the continent
Victoria J. MacPhail, Richard Hatfield, Sheila R Colla
*This chapter has been included with the permission of its co-authors from a manuscript to be
submitted for publication: Victoria J. MacPhail, Richard Hatfield, Sheila R Colla. A Community

Science program worth buzzing about: Bumble Bee Watch increases ecological understanding

and range coverage of an important pollinator group across the continent. To be submitted.

Abstract

In a time of increasing threats to bumble bees (Hymenoptera: Apidae: Bombus), and with some
species at risk of extinction, it is important to understand their ecology and distribution. As
experts are limited in their available time and finances to conduct surveys, there is potential for
community scientists to help collect some of the data. The Bumble Bee Watch (BBW)
community science program involves volunteers taking photos of bumble bees in Canada and the
United States of America and submitting them, along with geographic and optional plant
visitation information, to a website or through an app. Taxon experts then verify or edit the
species identification. Here we compared the contributions of the BBW program to the
knowledge collected by more traditional scientific methods and stored in the Bumble Bees of

North America database (BBNA).

We found that BBW had similar geographic and species coverage as BBNA. It had records from
all 63 provinces, states, and territories where bumble bees occur, including four more provinces
and states than BBNA 2010-2020, and represented 41 of the 48 species in the BBNA all years

dataset, with ten more species than the BBNA 2010-2020 dataset. While BBW contributed only
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8.50% of records in the all years combined dataset, it contributed a full quarter (25.06%) of all
records in the 2010-2020 only combined dataset. BBW confirmed the persistence of species and
identified new locations of species, both inside and outside of the previously known extent of
occurrence. BBW also contributed ecological information; for example, it uniquely contributed
plant genera and species data for almost all the bee species in its database. Thus, while BBW
had fewer bee records than the BBNA database overall, it helped to fill in data gaps and provided
novel information, complementing the traditional methods of data collection. This community

science data is valuable in helping to conserve bumble bee species across North America.

Introduction

Bumble bees (Hymenoptera: Apidae: Bombus) are a relatively recognizable genus of bees, with
their often hairy bodies, large size, and frequent visits to flowers throughout the growing season.
Found across the Northern Hemisphere and in South America (Williams et al. 2014), they are
important pollinators of agricultural crops and wild plants (Buchmann and Nabhan 1996; Klein
et al. 2007; Ollerton et al. 2011; Potts et al. 2016). While we know that approximately a quarter
to a third of our bumble bees in North America are in decline, knowledge gaps on stressors,
ranges, population dynamics and basic natural history remain (Bartomeus et al. 2013; Arbetman

et al. 2017; IUCN 2020; Portman et al. 2020).

One impediment to wildlife conservation is the lack of knowledge about their natural history
(such as habitat needs and species associations) and current status (such as current distribution
and changes in their population size and range over time) (Mace et al. 2008; McKinley et al.
2017; IUCN Standards and Petitions Committee 2019; Didham et al. 2020; Williams et al. 2020;

Albani Rocchetti et al. 2021). Conservation scientists often lacks the resources (funding, staff
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time, expertise) to adequately gather this information, particularly for species with broad
distributions (Gardiner et al. 2012; Colla 2016; Ellwood et al. 2017; Flockhart et al. 2019;
MacPhail and Colla 2020; Portman et al. 2020). This is particularly an issue with invertebrates,
which are largely unstudied, particularly compared to vertebrates (Cardoso et al. 2011; Collen et

al. 2012; Dicks et al. 2013; Wagner et al. 2021).

Community science (aka citizen science, participatory-based science) (Eitzel et al. 2017)
involves volunteers designing, collecting, analyzing and/or interpreting scientific data to answer
a research question (Bonney et al. 2009b; Silvertown 2009; Conrad and Hilchey 2011; Follett
and Strezov 2015; Aceves-Bueno et al. 2017; MacPhail and Colla 2020). Volunteers can collect
data similarly to experts (depending on skill level, training provided), often with greater
coverage than researchers could cover alone and with a lower cost (Bonney et al. 2009a;
Garibaldi et al. 2011; Dickinson and Bonney 2012; van der Velde et al. 2017; Zapponi et al.
2017; MacPhail and Colla 2020) (but see (Stribling et al. 2008; Kremen et al. 2011; McDonough
MacKenzie et al. 2017; Falk et al. 2019)). Participants benefit in a variety of ways including
increasing their knowledge of species and field techniques and becoming more environmentally
aware and engaged (Conrad and Hilchey 2011; Bonter et al. 2012; Jordan et al. 2016; McKinley
et al. 2017; MacPhail and Colla 2020). The data can be used independently, or combined with
other programs and data sources, to increase knowledge about wildlife or habitat, create policies,
aid in conservation management, and even help achieve United Nations Sustainable
Development Goals (Theobald et al. 2015; Ballard et al. 2017; McKinley et al. 2017; Flockhart

et al. 2019; MacPhail and Colla 2020; Koffler et al. 2021).
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The Bumble Bee Watch community science program (herein “BBW?”’) (The Xerces Society for
Invertebrate Conservation 2020) was launched on January 22, 2014 in an effort to collect
information on bumble bees across North America (specifically the continental United States
(including Alaska) and Canada), in a non-lethal survey method. Participants take photos of
bumble bees and submit them through a web-interface or app (free for iOS and Android smart
devices) along with other information such as the date observed, the geographic coordinates, and
optionally, the plant it was observed foraging on. Regional experts then verify the bee
identifications (MacPhail et al. 2020b). Records have now been submitted from every province,
state, and territory, including remote, rural, suburban, and urban areas (MacPhail et al. 2020a).
While previous work has been done on the accuracy and breadth of the BBW data (MacPhail et
al. 2020b), and the impacts on and demographics of its participants (MacPhail et al. 2020a), it is
valuable to see if BBW is contributing new or additional information than that collected by
researchers. Previous research has done comparisons of other community science programs to
more traditional programs (Sullivan et al. 2009; Lye et al. 2011; Losey et al. 2012; Beckham and
Atkinson 2017; Dennis et al. 2017; Suzuki-Ohno et al. 2017; Zapponi et al. 2017; Soroye et al.
2018). In many cases, the studies discovered important information on topics such as range
expansions and abundances from the community science data, and could learn more about

changes over time using these data.

The Bumble Bees of North America database (herein “BBNA”) (Richardson 2020) was initially
created to collate known information about bumble bees for the Bumble Bees of North America
Identification Guide (Williams et al. 2014). It is now maintained by Dr. Leif Richardson, and is

used by different organizations and individuals for research and conservation purposes. As of
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April 2019, it had more than 587,000 observations across the United States and Canada,
contributed by over 250 individuals or institutions, for locations, with records dating back to
1805; see https://www.leif richardson.org/bbna.html for a full description of the contributors.
While not all bumble bee researchers submit their data to this database (or to the Global
Biodiversity Information Facility (GBIF), which is an international portal for data on all species
that BBNA also contributes to and pulls data from), it is the single most populated database for

bumble bees in North America.

Here we ask the following questions of the BBW dataset as compared to the BBNA dataset to
determine the amount of novel information a new community science program can generate as

compared to the long-term professional data set:

1. Does BBW show a higher number of species records, richness, or diversity?

2. Does BBW show examples of points outside a species known Extent Of Occurrence?
3. Does BBW show increases in species range sizes?

4. Does BBW show examples of species range infill?

5. Does BBW confirm species presence or recent persistence?

6: Does BBW provide new forage plant information per species?

Materials and Methods
We obtained an export of all BBNA records (individual bee observations or specimens)
(excluding those with permissions prohibiting sharing) on May 28, 2020 (Richardson 2020) and

BBW on August 19, 2020 (both nest and bee records, including those marked private). A second



56

copy of the BBNA data set was then made that only contained records recorded from 2010-2020.
The data were cleaned to remove any records that were not verified by experts (i.e. still pending
identification or determined to be non-Bombus) (BBW) or that were flagged as having

identification problems (BBNA).

While the current primary identification guide for bumble bees in North America north of
Mexico lists 46 species (Williams et al. 2014), new species have been described and other
taxonomies changed or challenged since that book was published, with no consensus for the new
number of species (Table A.S1). It was outside the scope of this paper to update species names,
particularly given the limitations with reidentifying a species without a physical specimen or
photo to refer to; this consideration applies to BBNA in particular where many records,
particularly in the last decade, are not vouchered specimens but are instead from field

observations. We thus use the species names as provided in the data obtained.

While BBNA only contained identifications at the species level, some BBW records were only
determined to genus (i.e. Bombus sp., unknown bumble bee species) or were considered as one
of two types of species groups: "vagans, sandersoni or perplexus"(two-striped yellow group)
and "vosnesenskii or caliginosus” (yellow-faced group). While some authors removed records
from their analyses that were not identified to a specific species (e.g. (Losey et al. 2012)), we felt
that there was still value in including these data points. For example, it shows that at least one of
the species in the “group” were present in the area (e.g. for the “two-striped yellow group”, at
least one of B. perplexus, B. sandersoni, or B. vagans was present), which is more information

than omitting the record completely. Similarly, an unidentified bumble bee record still shows
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that someone was at that site and saw at least one bee species at that time. Hereafter these

species groups will be referred to simply as species, unless otherwise noted.

Finally, although some authors removed records of species that did not have the same
corresponding species in the comparison dataset (e.g. (Soroye et al. 2018)), we again kept the
points in and used them where applicable. Table A.S2 contains a list of all the species found in

this study, their taxonomic authorities, and conservation statuses.

We obtained shapefiles of US and Canada federal jurisdiction boundaries (Statistics Canada
2016a; US National Weather Service 2016) merged them into one file, removed any regions
from outside the study area, and merged the two Maryland polygons, resulting in 63 total
provinces, territories, and states (including District of Columbia but excluding Hawaii, which has

no bumble bees).

We removed all bee records that had missing or imprecise geographic coordinates. For BBNA,
we removed records from community science efforts to concentrate the comparison on more

traditional researcher data, and removed known duplicate records.

We imported BBW and BBNA data into ArcGIS (ESRI 2016) using the geographic projection
GCS_NADS83, which we later projected to use GCS_ArcInfo and Sphere Azimunthal. (Note that
the original records may have been collected using different projection systems; this information
was not provided with the data). Records that fell at or within 5km of the US Canada boundary

file were snapped to the nearest point of land; spot-checks using Google Maps and additional
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data (e.g. site name, city name) confirmed that this seemed to be an appropriate process (records
>5km away were removed). Some records had uncertainties noted regarding the exact location
(often due to deliberate obscuring of coordinates for privacy or other restrictions), but records
were left in when the uncertainty was <100km; however, this does mean that the actual location
of some records may not be in the correct 10km x 10km or 100km x 100km grid for analyses in

this study.

Various scales and methods have been used to determine the number of populations of insects in
an area, and for comparisons between datasets, such as by ecoregion, province/state/territory,
100km x 100km grids, 50km x 50km grids, 10km x 10km grids, and 1km x 1km grids, as well as
through population genomics (Williams et al. 2007; Cameron et al. 2011b; Colla et al. 2012a;
Pocock et al. 2017; Zapponi et al. 2017; Kent et al. 2018; Soroye et al. 2018; United States Fish
and Wildlife Service (USFWS) 2019a). We use here the definition provided in a US Fish and
Wildlife Service report (2019a) that states “A population is a collection of tens to hundreds of
colonies, and the health (long- term productivity) of populations is affected by the quantity and
quality (a diversity of floral resources) of nectar and pollen available and the proximity of these
resources to nesting sites. For monitoring the number of populations over time, a population is a
single 10 x 10 kilometer (km) grid.”. The 10km x 10km grid is based on the average foraging
and dispersal distances of a bumble bee colony that are usually less than 10 kilometers (although
there are exceptions) and the expert knowledge that colonies are often densely concentrated
(Stout and Goulson 2000; Osborne et al. 2008; Kraus et al. 2009; Lepais et al. 2010; Szymanski

et al. 2016; Mola and Williams 2019; United States Fish and Wildlife Service (USFWS) 2019a).
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We concentrated our analyses on the 200km x 100km grid cell to facilitate analyses on the
broader North American scale while trying to avoid spatial biases, but also on the 10km x 10km
grid cell to capture new populations. Continental wide grids of 10km x 10km and 100km x
100km in size were created using the fishnet polygon option in ArcGIS, and all species records
were spatially joined with the relevant boundary files to associate province/state/territory name

and 10km x 10km and 100km x 100km grid numbers.

One way to determine the outer limits of a species geographic distribution is through the
application of minimum convex polygons (mcp) around all records in ArcGIS: this area is known
as the species Extent of Occurrence (EOO)(Bachman et al. 2011; Soroye et al. 2018; IUCN
Standards and Petitions Committee 2019). After creating the EOO layers, we then investigated
the number of BBW points outside the BBNA all years and BBNA 2010-2020 EOOs by first
selecting all BBW points that fell within the BBNA EOO, and then doing an inverse selection:
these points show extensions of species geographic range limits due to BBW. The total area of
each EOO was also calculated in ArcGIS and the difference between the datasets recorded using
MS Excel. Another method of looking at range size per species was calculated by counting the

number of 100km x 100km occupied grids in each individual and combined datasets.

The percent infill (i.e. new locations or occurrences within a species geographic range)
contributed by BBW was calculated by dividing the number of unique or novel 10km x 10km
and 100km x 100km grids contributed by BBW by the total number of grids in the BBNA all
years and BBW combined datasets, and the BBNA 2010-2020 and BBW combined datasets, for

each species.
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To investigate if BBW confirms the presence of a species found by researchers, we looked at the
proportion of all 100km x 100km grid cells in the BBNA all years dataset that also had at least
one BBW record. For confirmation of recent species persistence (i.e. occurrences in last decade
vs historical), we looked at the proportion of 100km x 100km grid cells in the BBNA all years
dataset that were not in the BBNA 2010-2020 dataset but had at least one BBW record (i.e.

proportion of all BBNA grids with observations in the last decade contributed solely by BBW).

To compare plant forage information, we collated, cleaned, and standardized the information
provided in each data set. For example, we converted common plant names to scientific ones to
most detailed level possible when scientific names were not provided, fixed spelling errors, and
updated synonyms where new ones were known (e.g. joe pye weed, Eupatorium maculatum
(old) vs Eutrochium maculatum (new); crown vetch, Coronilla varia (old) vs Securigera varia
(new)). Taxonomic authorities were generally not provided with the plant names so

interpretations involved the most common usages of the names.

Summary statistics (e.g. totals, means * se), species richness (standard and Menhinick’s index),
species diversity (Shannon-Weiner), and unique values (e.g. number of species, records) were
calculated using MS Excel (Microsoft Office 365) on a per species, province/state/territory,
100km x 100km grid and 10km x 10km grid basis. Species richness is the total number of
species but does not consider sample size/sampling effort; Menhinick’s index for species
richness helps to take into account sampling effort and sample size, and is calculated as the
number of species divided by the square-root of the total number of individuals. Species

diversity was measured using the Shannon-Weiner Index (H) is calculated as H= -
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1*sum(pi*Inpi), where pi is the proportional abundance of each species. Note that these statistics
excluded zero values/missing species where applicable (i.e. averages and range of numbers of

plant genera, plant species, and total grids per species).

Statistical comparisons were carried out using JASP Version 0.14.1 (JASP Team 2020).
Independent student t-tests (statistic abbreviated as T), or the non-parametric Mann-Whitney U-
tests (U) when assumptions of normality and equal variances could not be met, were used to
compare differences in the mean numbers of bee species records, richness, and diversity, and the
number of plant genera and plant species, between BBW and BBNA datasets on various scales.
One-sample t-tests, or the non-parametric Wilcoxon signed rank test (W) when the assumption of
normality was not met, were used to determine if the mean numbers of BBW points outside of
the EOO of species in both BBNA datasets, or the mean numbers of unique 10km x 10km and
100km x 100km grids contributed by BBW per species in both BBNA datasets, were
significantly different than zero (i.e. contributed significantly more points or grids overall than
zero). Chi-square (y ) goodness-of-fit tests compared the observed BBW frequency of occupied
grids vs the expected BBNA all years or BBNA 2010-2020 occupied grids to see if number of
BBW grids was significantly different between the datasets being compared. Statistical tests are

significant when p<0.05.
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Results

Does BBW show a difference in species records, richness or diversity?

BBW contributed 8.50% of all records (individual bee observations or specimens) in the BBW
and BBNA all years combined dataset and 25.06% of all records in the BBW and BBNA 2010-
2020 dataset. The average number of records per species per dataset ranged from 9,899.15 +
1675.14 for BBNA all years, 2,933.36 + 796.86 for BBNA 2010-2020, and 1,003.05 + 205.88

for BBW (Table 3.1).

BBW had 41 full species and 3 species groups of the 51 total species represented across the
combined dataset (Tables 3.1, A.S2), with the 3 species groups not in either BBNA all years or
BBNA 2010-2020. BBW had more records for 3 species than BBNA all years and 13 species

than BBNA 2010-2020.

All 63 provinces, territories, and states were represented in both the BBNA all years dataset and
the BBW dataset; however, BBW had four more provinces and states represented than BBNA
2010-2020 (Fig. 3.1, Tables A.S3, A.S4). BBW provided observations of at least one unique
species for 60 provinces and states vs BBNA all years and 63 vs BBNA 2010-2020 (Table
A.S3), and more records for one province or state vs BBNA all years and 19 vs BBNA 2010-

2020 (Table A.S3).

Mean values of number of bee records, species richness, and species diversity, were significantly

greater in BBNA all years than BBW for all comparisons, except for number of bee records and
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Menhinick's Index on the province/state basis, where BBW was greater, and species diversity,
where there was no significant difference (Table A.S6-S8). Mean values of BBW were
significantly greater than BBNA 2010-2020 for all comparisons except the number of bee
records per province/state and 10km x 10km grid basis, where BBNA 2010-2020 was greater,
and Menhinick's Index or species richness on the 100km x 100km grid and province/state basis,

respectively, where there was no significant difference (Tables A.S5-S8).

Does BBW show examples of points outside a species known Extent Of Occurrence?

On a per species basis, 23 of the 41 species had records (individual bee observations) in BBW
outside of the corresponding BBNA all years species EOO, ranging from 1 record (several spp.)
to 121 records (B. impatiens) (Fig. A.S1, Table 3.2). When compared to the BBNA 2010-2020
data, 39 of 41 species had records in BBW outside of the corresponding species EOO, ranging
from one record (several spp.) to 456 records (B. vosnesenskii) (Fig. A.S1, Table 3.2). The mean
number of BBW records outside of each species EOQ is significantly different than 0 for BBNA
all years (n=41, mean=9.439 * 3.716 SE, W=276.000, p<0.001; 2010-2020) and BBNA 2010-

2020 (n=41, mean=48.366 + 13.787 SE, W=780.000, p<0.001).

Does BBW show increase in species range sizes?
BBW never had a greater EOO than BBNA all years, but did have a greater EOO than BBNA
2010-2020 for 15 species. The total EOO values for each species in each dataset, and the

difference between them, can be found in Table A.S9.

The average number of 100km x 100km grids with records per species, per dataset, when zeros

are excluded, was 224.38 +21.22, 74.40 £ 8.32, and 98.66 = 14.13 for BBNA all years, BBNA
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2010-2020, and BBW, respectively. BBW did not meet the expected frequency distribution of
grids per species as compared to BBNA all years (x> =1249.579, df=40, p<0.001) or BBNA

2010-2020 (x> = 857.386, df=40, p<0.001) on the 100km x 100km grid scale.

The approximate range size per species, based on occupied 100km x 100km grids, can be
calculated from Table A.S10 (total number of grids need to be multiplied by 10,000km? to get
the area). While the BBNA all years dataset always provided larger range sizes (i.e. more
occupied grids) than BBW (except for the three species groups only in BBW), BBW did provide
a larger range size for 24 species (plus three species groups) as compared to BBNA 2010-2020

(Table A.S10).

Does BBW show examples of range infill?

We found multiple examples of BBW infilling the known range of up to 44 species, both on the
10km x 10km and 100km x 100km grid square bases, and especially when compared to the
BBNA 2010-2020 dataset (Tables 3.4, A.S10; Fig. 3.2). While it was variable on a per species
basis, the maximum number of unique grids contributed by BBW ranged from 1447 and 1524
10km x 10km grids when compared to BBNA all years and BBNA 2010-2020, respectively, and
419 100km x 100km grids when compared to each of the two BBNA datasets (Tables 3.4,
A.S10; Fig. 3.2). The mean number of unique grids contributed by BBW per species (n=51) was

significantly greater than O for both scales and dataset comparisons (Table 3.3).
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Does BBW confirm species presence or recent persistence?

BBW confirmed the presence of at least one species in 717 of the 1434 100km x 100km grid
cells that had records in BBNA all years (50.00%), with an average of 26.65% + 2.72% of the
grids containing records on a per species basis (Fig. 3.3, Table A.S10). It uniquely confirmed
the recent persistence of a species (i.e. found in BBNA all years but not BBNA 2010-2020) in
543 of the 1434 100km x 100km grids (37.87%), with an average of 15.34% + 1.55% of the
grids with records per species (Fig. 3.3, Table A.S10). The mean number of these 100km x
100km grids is significantly different than zero, even when species with no new grids are
included (presence mean=58.078 + 9.358, W=820.000, p<0.001; persistence mean=32.431 +

5.135, W=820.000, p<0.001).

Does BBW provides new forage plant information?

Although BBW had much fewer records than BBNA all years or BBNA 2010-2020 (Table 3.1),
it provided more total plant genera (Table 3.4) and plant species (Table 3.5) than either of the
BBNA datasets. While this was not significant on the all years comparison using the total
numbers per bee species (plant genera: U=1194.500, p=0.480; plant species: U=1235.000,
p=0.663), it was on the 2010-2020 comparison (plant genera: U=864.500, p=0.003; plant
species: U=894.500, p=0.007). Indeed, 26.24% and 31.56% of the plant genera (Table 4), and
36.84% and 56.56% of the plant species (Table 3.5) were only provided by BBW records when
compared to the BBNA all years and BBNA 2010-2020 datasets, respectively. The numbers of
total and unique records per plant genera and plant species varied per bee species, but 42 bee
species in the BBW and BBNA all years and 43 bee species in the BBW and BBNA 2010-2020

datasets had unique plant information provided by BBW (Tables 3.4, 3.5, Figs. A.S2, A.S3). A



66

full list of all plant species names per bee species, and numbers of bee records for each, is

available in Table A.S11 for all datasets combined.

Discussion

Community science programs have immense potential to contribute to scientific understanding
and wildlife conservation efforts. After just six years of operation, Bumble Bee Watch (BBW)
has demonstrated its value for bumble bee conservation. While the total number of bee records
and species contributed by community scientists is not higher than those of researchers to the
BBNA database, the records are still filling knowledge gaps, particularly in recent years.
Species richness and diversity were often higher in BBW for most analyses. While the overall
BBW range sizes for species were usually smaller than from BBNA, often BBW records were
found outside of the BBNA range. BBW also increased the number of known populations for
species inside of their ranges and vastly increased the number of plant genera and species known
to be visited. These records all represent unique occurrences in space and time that will never
occur again and cannot be recreated. Not only can they be used to help answer questions now
when there is an urgent need for pollinator data (Potts et al. 2010), the data can be used

indefinitely into the future, as new questions are always developed.

Species Richness

With the increase in photo quality and widespread use of digital cameras, the identification of
species by photo is becoming more common in both community science and in the greater
academic fields. The usage ranges from photos confirming an observation, as with BBW,
through to using photos in lieu of the traditional physical “type” specimen (although the latter is

currently accepted only in certain specific rare situations) (Krell and Marshall 2017). The



67

validity of this use does depend on the species being identified (such as visibility of key
identifying features), the angles shown in the photo(s), and the quality of the photo(s) (e.g.
lighting, focus) (Lye et al. 2011; Acorn 2017; Krell and Marshall 2017; Austen et al. 2018;

MacPhail et al. 2020b).

Many of the recent species changes in the genus Bombus are a result of DNA barcoding and re-
examination of morphological characters, particularly for cryptic species (Williams et al. 2014,
2016; Sheffield et al. 2019, 2020; Sikes and Rykken 2020). Some of these new species do
appear in the BBNA datasets (e.g. B. kluanensis and B. natvigi), but not all (e.g. B. johanseni).

A challenge with the BBW program is that some of these cryptic species cannot be identified
from photos alone, particularly the type and quality submitted by community scientists (e.g. from
a distance on a flower vs under a dissecting microscope). It is likely that some of these species,
particularly those in the Alpinobombus sub-genus, have been submitted to BBW but are still
pending verification or verified as an unknown species due to the difficulty in assigning an
identification (MacPhail et al. 2020b). It may be useful for BBW administrators to follow up
with the submitters of these records to gain a physical voucher specimen or portion thereof (e.g.
antenna or tarsal (final segment in the leg of the insect) clip) for a researcher to identify in person
or through DNA barcoding, and/or add in more species groups to account for these northern
cryptic bees. In addition to the northern bees that are both difficult to identify and found in areas
with fewer participants, other species missing from BBW but present in BBNA (e.g. B. franklini,
B. variabilis) are those that are likely extirpated or very uncommon (Williams et al. 2014;
MacPhail et al. 2020b). Therefore, BBW generally has captured all of the confirmed and extant

species for North America.
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Our results were consistent with previous findings that while the total numbers of community
science records may or may not be lower than those from expert databases, it often makes up for
it with more species per 1,000 observations (Losey et al. 2012) and/or observations in areas
unique only to the community science databases, in some cases in areas unexpected by
researchers (Losey et al. 2012; Zapponi et al. 2017; Soroye et al. 2018). Indeed, opportunistic
observations can help to document new species, locations of species and/or changes in range,
whether through natural or human-mediated causes (Dickinson et al. 2012; Losey et al. 2012;
Acorn 2017; Pocock et al. 2017; Sullivan et al. 2017; Zapponi et al. 2017; Soroye et al. 2018).
As climate change is a major component, affecting range expansion and contraction for many
species, including bumble bees (Kerr et al. 2015; Pyke et al. 2016; Sirois-Delisle and Kerr 2018;

Soroye et al. 2020; Suzuki-Ohno et al. 2020), this information will be increasingly important.

Rare Species

The BBW dataset provided observations and unique populations (unique presence in 10km x
10km grids versus BBNA) for 11 at-risk and 5 data-deficient species over both the BBNA all
years and 2010-2020 datasets. One notable example was the discovery of B. bohemicus in
eastern Canada in 2020 by a BBW participant at two areas in Rimouski, Quebec. This species is
considered to be Endangered in Canada by COSEWIC (2014), Endangered in Ontario by
COSSARO (Committee on the Status of Species at Risk in Ontario and COSSARO 2014), and
Critically Imperiled across most of its range but Possibly Extirpated in Quebec by NatureServe
(NatureServe 2021). Previously, the last observations of this species in Ontario and Quebec, as
represented in the BBNA all years dataset, were in 2008 despite extensive surveys by

researchers. Without community science programs, these occurrences may have gone
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unrecorded and the species moved closer to being considered extirpated in these regions. There
have been observations of B. bohemicus in the western part of Canada and Alaska in BBNA (127

records since 2010) and BBW (7 records).

Geographic Range Expansion, Infill, Presence, Persistence

Community science has documented species distributions, including changes in range, similar to
or beyond that of traditionally collected data (Munson et al. 2010; Losey et al. 2012; Dennis et
al. 2017; Zapponi et al. 2017; Soroye et al. 2018; Flockhart et al. 2019) (but also see (Snall et al.
2011). For example, the geographic coverage (range size estimations) of three saproxylic beetle
species resulting from two years of records by community scientists in the European LIFE
Project was approximately equal to ten years of a formal national inventory data (Zapponi et al.
2017), and new distribution information was provided for over 80% of the butterfly species in

Canada by community scientists with eButterfly (Soroye et al. 2018).

BBW did not have any species not also documented in BBNA,; this is not surprising due to the
greater number of records and geographic coverage in the BBNA all years dataset, and the
necessity for genetic characters to identify some cryptic species. However, BBW did have more
records for 13 species than BBNA 2010-2020, and BBW reported observations in 50 and 398
unique 100km x 100km grids not in BBNA all years and 2010-2020, respectively. BBW also
provided records for 23 species outside of their known distribution as calculated through the
BBNA records. These examples confirm the value of community science data for determining

species presence and persistence, particularly in areas that may not be known to or surveyed by
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researchers, as was also seen in other projects (Zapponi et al. 2017; Soroye et al. 2018; MacPhail

et al. 2019).

Biases in Data

Biases exist in the data, such as uneven geographical distribution (e.g. urban centres or along
roadsides), overrepresentation of particular species (e.g. a focus on documenting rare or unusual
species), variation in detectability of species (e.g. influenced by skill of the observer, quality of
habitat, weather conditions, time of day, size of population, period of colony growth cycle),
resulting again in an overrepresentation of certain species in the data (Guralnick and Van Cleve
2005; Snall et al. 2011; Hochachka et al. 2012; Flockhart et al. 2019; Johnston et al. 2019, 2020;
Didham et al. 2020; MacPhail et al. 2020b). These biases, and differing patterns of data
collection between different surveyors, can occur in both community science data and in other
data (e.g. museum collections, researcher surveys), and should be controlled when possible;
results should be treated with care and evaluated for an effect of the bias(es) (Guralnick and Van
Cleve 2005; Phillips et al. 2009; Snall et al. 2011; Yackulic et al. 2013; Bartomeus et al. 2013;
Flockhart et al. 2019; Didham et al. 2020; Johnston et al. 2020). However, biased data can still
be used to complement more traditional, less biased data; indeed, the strengths of one can offset
the weaknesses of others (Guralnick and Van Cleve 2005; Snall et al. 2011; Cooper et al. 2012;

Giraud et al. 2016; Flockhart et al. 2019; Johnston et al. 2020).

Comparing different types of data
BBW is composed primarily of incidental independent observations, which provides presence-
only data, rather than a checklist-based set of observations, from which absences are easier to

determine (i.e. if a species isn’t recorded on a checklist it means it wasn’t seen vs if there is no
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record of a species from a particular site or day with incidental data, it is not clear if it wasn’t
seen or just wasn’t reported). (While The Xerces Society for Invertebrate Conservation and
various partner organizations now have atlas-based checklists for a few regions with data being
contributed to BBW (The Xerces Society for Invertebrate Conservation 2021), those data have
been lumped in with the incidental observations for these analyses). There is no standardized
time or search effort required or reported for BBW, although most users submit only one record

per site (MacPhail et al. 2020a). The use of photos allows for non-lethal sampling of the bees.

BBNA is composed of data from multiple sources, each with their own methods (e.g. netting,
pan traps, blue vane traps, visual observations) and type of data collection (incidental
observations, standardized surveys) (Ascher et al. 2020; Richardson 2020). It also includes
many museum and collection-based records, which themselves likely are a result of both
incidental captures and standardized surveys. Search effort is also not recorded and can be
variable. In future, it is encouraged that researchers in particular record their search effort time

and share those values with their data.

Both of the BBW and BBNA datasets may contain biases related from the recording/collecting
(or non-recording/collecting) of rare species vs common species, as well as biases related to
geography, the expertise of identifiers, ease of differentiation of species, etc. (see discussion
above and (Ascher et al. 2020; Didham et al. 2020)). Findings often need to be interpreted with
care, and indeed, data sources and methods reviewed prior to use. Soroye et al. (2018) cautions
that, when other more suitable data exists, it may be better to not use opportunistic data in

analyses related to species or regions, especially when it makes the analyses more complex. As
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well, more data does not always mean more power for analyses, and are not always better if they
introduce more uncertainly into analyses or obscure results (Soroye et al. 2018). In some cases,
only part of the data may not be suitable for use; for instance, Graves et al. (2020) excluded
BBW data from the BBNA dataset used in their models as the former database is generally

composed of incidental or opportunistic observations as compared to complete inventories.

Opportunistic data can be used in many analyses, and indeed, in some cases (with particular
species, regions, and/or methods) can provide more reliable results than other types of formal
surveys, such as with bumble bees in areas where the study area is small and historical baseline
data are available for comparisons (Simon 2020). At the very least these data can confirm
historic observations and yield new locations or other novel information, as well as
complementary and confirmatory data (Dennis et al. 2017; Zapponi et al. 2017; Soroye et al.

2018).

Ability to effect policy and recovery actions

By adding together existing datasets, such as BBNA and BBW, and by carefully designing both
traditional research methods and community science programs, researchers and conservationists
can potentially achieve a greater understanding and closer approximation of “real” conditions
(Dennis et al. 2017; Sullivan et al. 2017; McKinley et al. 2017; Soroye et al. 2018; Didham et al.
2020; Graves et al. 2020). BBW data can be viewed in real-time via the website or app
platforms, and exports can be requested via the program’s data request form. The data are also

routinely accepted into the BBNA database and the USGS BISON (Biodiversity Information
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Serving Our Nation) database (https://bison.usgs.gov), and has been added to other national and

regional databases, so the data are increasingly becoming available to researchers.

BBW data has already been used by researchers for species conservation assessments
(Szymanski et al. 2016; Committee on the Status of Endangered Wildlife in Canada 2018;
MacPhail et al. 2019) and regional checklists (Gibbs et al. 2017), and by land managers and
conservation professionals to identify sites for habitat conservation, restoration, and linkage
efforts, or for further research or advocacy efforts (Gibson et al. 2019; MacPhail et al. 2019,
2020b; Liczner and Colla 2020). Similarly, data from other community science programs have
helped assess the distribution and diversity of bumble bees and other bee species to occur (Lye et
al. 2011; Le Féon et al. 2016; Beckham and Atkinson 2017; Richardson et al. 2019). As these
data sets grow and join with others, many more future uses will be likely. As stated in McKinley
et al (2017): “The best science does not necessarily come from the best peer-reviewed scientific
publications with the most robust designs and inferences; rather, it is the best scientific

information available to answer a specific question”.

Community science participation benefit the public and the environment

For effective wildlife conservation, we need to consider the whole spectrum of actions and tasks,
from understanding the current status of a species population or conservation target to
identifying and understanding the underlying drivers of the issues to describing the actions
needed to support the species and testing the impacts and responses of those actions (Cardoso et
al. 2011; Williams et al. 2020; Albani Rocchetti et al. 2021). We also need to raise public

awareness of these species or targets and their interest in supporting and meeting them, as this
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increases the probability of actions actually happening by the public, conservation groups, and
governments (Bickford et al. 2012; Colla and Maclvor 2017; Underwood et al. 2017; Cardoso
and Gongalves 2018; Hall and Steiner 2019; Hall and Martins 2020; Requier et al. 2020;

Vierssen Trip et al. 2020; Althaus et al. 2021; Albani Rocchetti et al. 2021).

Community science programs can help with these needs, as their participants are involved in
collecting data and/or answering questions with that data, learning about how science works to
answer questions and about the specific study focus, while gaining more awareness of the current
status, threats, and needed actions, often getting reconnected with nature in the process (Conrad
and Hilchey 2011; Acorn 2017; Dennis et al. 2017; Zapponi et al. 2017; McKinley et al. 2017;
MacPhail and Colla 2020). This awareness and connectedness is achieved not only through
hands on experiences but also through education components associated with the program;
indeed, other members of the public also gain exposure to these topics through general media
coverage and program outreach activities, even if they are not participants themselves (Bonney et
al. 2009a; Federal Provincial and Territorial Governments of Canada 2014; Acorn 2017; Zapponi
et al. 2017; McKinley et al. 2017; MacPhail and Colla 2020). Participants and the public in turn
provide feedback to community science organizations and conservation professionals about their
priorities and understandings (Cooper et al. 2007; Shirk et al. 2012; Acorn 2017; McKinley et al.
2017; NASEM 2018; MacPhail and Colla 2020). Past Bumble Bee Watch participants have
noted the positive impacts the program has had on them, including their increased knowledge
and willingness to take action (MacPhail et al. 2020a), and this may lead to more public support

for broader actions in the future.
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In conclusion, our findings show the incredible potential for community scientists to contribute
to scientific knowledge and conservation management. As noted by Ellwood et al (2017), the
intersections of community science and conservation can help address the large challenges we
face. In this example, Bumble Bee Watch benefits from the public’s desire to learn more about
and protect pollinators, and researchers gain valuable data that would not have been possible
otherwise. Coupled with the widespread availability of technology provided by digital cameras,
smart devices, and the internet, the potential for this and other community science data to help

mitigate species decline and other environmental challenges will grow in the future.
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Table 3.1. Total number of bumble bee (Bombus spp.) records per species from BBNA all years,

BBNA 2010-2020, and BBW datasets, and from the BBW + BBNA all years and BBW + 2010-

2020 combined data sets.

Bombus species #BBNA #BBNA #BBW total # total # records
records all records  records records BBNA 2010-

years 2010-2020 BBNA all 2020 + BBW

years + BBW

affinis! 8,712 188 725 9,437 913
appositus 4,377 404 408 4,785 812
auricomus 3,200 128 269 3,469 397
bifarius 33,727 5,736 3,460 37,187 9,196
bimaculatus 19,255 8,129 2,326 21,581 10,455
bohemicus®* 2,797 127 7 2,804 134
borealis 4,966 2,641 623 5,589 3,264
caliginosus? 2,552 89 101 2,653 190
centralis 7,685 1,202 1,009 8,694 2,211
citrinus 3,995 575 160 4,155 735
cockerellit 120 6 0 120 6
crotchiit 1,837 14 17 1,854 31
cryptarum? 2,462 1,087 152 2,614 1,239
distinguendus 6 0 0 6 0
fervidus? 20,033 1,900 1,158 21,191 3,058
flavidus? 2,759 678 244 3,003 922
flavifrons 17,836 4,069 1,719 19,555 5,788
franklinit 324 0 0 324 0
fraternus® 1,846 69 98 1,944 167
frigidus 8,182 2,689 30 8,212 2,719
griseocollis 21,604 7,039 3,474 25,078 10,513
huntii 9,483 1,972 1,248 10,731 3,220
impatiens 59,991 31,694 7,755 67,746 39,449
insularis 6,050 759 505 6,555 1,264
jonellus? 5,101 2,466 1 5,102 2,467
kirbiellus? 2,424 616 12 2,436 628
kluanensis* 20 14 0 20 14
melanopygus 14,725 1,665 1,326 16,051 2,991
mixtus 18,307 8,306 1,460 19,767 9,766
morrisoni* 4,626 73 88 4,714 161
natvigil-2 312 44 0 312 44
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Bombus species #BBNA #BBNA #BBW total # total # records
records all records  records records BBNA 2010-
years 2010-2020 BBNA all 2020 + BBW
years + BBW
neoboreus? 521 63 0 521 63
nevadensis 3,004 696 805 3,809 1,501
occidentalis® 22,572 2,934 544 23,116 3,478
pensylvanicus! 24,509 1,460 615 25,124 2,075
perplexus 9,552 3,439 541 10,093 3,980
polaris? 1,204 242 1 1,205 243
rufocinctus 12,521 4,297 1,733 14,254 6,030
sandersoni 2,158 1,096 43 2,201 1,139
sitkensis 2,741 347 221 2,962 568
sp.® 0 0 3,395 3,395 3,395
suckleyit 1,952 26 2 1,954 28
sylvicola 10,372 4,950 79 10,451 5,029
ternarius 20,292 13,033 2,045 22,337 15,078
terricolal 19,606 1,721 625 20,231 2,346
vagans 24,090 11,251 974 25,064 12,225
vagans, 0 0 550
sandersoni or
perplexus 550 550
vandykei 963 96 139 1,102 235
variabilis! 956 0 0 956 0
vosnesenskii 28,832 1,971 2,608 31,440 4,579
vosnesenskii or 0 0 839
caliginosus® 839 839
total # records 475,159 132,001 44,134 519,293 176,135
total # individual 48 45 41 48 45
species
(excluding
species groups)
total # species 48 45 44 51 48

(including
species groups)

L species considered to be at-risk of extinction, with an IUCN or NatureServe status of VU,

EN, CR

2 species that are considered to be data deficient (DD) and thus no determination of their at-
risk status can be made (i.e. may be LC, VU, EN, or CR)
3 species group where the observed individuals may or may not be at-risk of extinction,
depending on the actual identity of the species
4 species considered to be at-risk of extinction by a federal assessment organization despite
overall IUCN rank of DD
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Table 3.2. A comparison of the number of BBW records that fall outside of the Extent of

Occurrence (EOO) for each bumble bee (Bombus) species in the BBNA all years and BBNA

2010-2020 datasets.

Species # BBW records outside BBNA EOO
BBW vs BBNA all years BBW vs BBNA 2010-2020
affinis 1 126
appositus 0 27
auricomus 1 13
bifarius 0 3
bimaculatus 88 262
bohemicus 0 2
borealis 10 43
caliginosus 1 87
centralis 0 2
citrinus 4 4
cockerelli n/a n/a
crotchii 0 15
cryptarum 17 23
distinguendus n/a n/a
fervidus 0 2
flavidus 0 1
flavifrons 0 3
franklini n/a n/a
fraternus 0 16
frigidus 1 3
griseocollis 14 128
huntii 2 51
impatiens 121 219
insularis 0 0
jonellus 0 0
kirbiellus 0 4
kluanensis n/a n/a
melanopygus 2 30
mixtus 0 3
morrisoni 1 53
natvigi n/a n/a
neoboreus n/a n/a
nevadensis 8 46
occidentalis 1 7
pensylvanicus 0 13




79

Species # BBW records outside BBNA EOO
BBW vs BBNA all years BBW vs BBNA 2010-2020
perplexus 1 9
polaris 0 1
rufocinctus 27 54
sandersoni 3 21
sitkensis 0 5
sp. n/a n/a
suckleyi 0 1
sylvicola 4 4
ternarius 11 39
terricola 20 34
vagans 5 156
vagans, sandersoni or perplexus n/a n/a
vandykei 0 17
variabilis n/a n/a
vosnesenskii 44 456
vosnesenskii or caliginosus n/a n/a
all species combined 21 131

Table 3.3. Comparison of the 10km x 10km and 100km x 100km grids that are unique to BBW
as compared to BBNA all years and BBNA 2010-2020 datasets. n= number of grid cells per

original uncombined dataset. “Species” includes both individual species and species groups (i.e.

llSp ,

vagans, sandersoni or perplexus”, "vosnesenskii or caliginosus"). The first average
presented is the average of all grids per species, calculated based on averages per species
excluding grids with no unique records; the second average looks at the total number of grids per

species, while including species with no unique grids. W = Wilcoxon signed rank test statistic.
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10km x 10km grids

100km x 100km grids

Combined BBNA all years BBNA 2010- BBNA all years BBNA 2010-

datasets for (n=15,727) + 2020 (n=3,464) (n=1,434) + 2020 (n=619) +

comparisons BBW (n=6,169) + BBW BBW (n=842) BBW (n=842)
(n=6,169)

Total #gridsin 19,314 8,922 1,484 1,016

combined data

Number (%) of
completely
unique grids
from BBW

3,587 (18.57%)

5,458 (61.17%)

50 (3.37%)

398 (39.13%)

Number (%) of
grids unique for
at least one
species from
BBW

5,513 (28.54%)

5,948 (66.67%)

604 (40.70%)

764 (75.12%)

Number of 44 44 40 44

species with at

least one unique

grid from BBW

Average number 275.32+47.36  318.25+52.98  34.48 + 10.69 68.93 +11.14
or percent + SE

unique grids (20.36% * (52.29%+3.94%) (13.72% + (43.89% =
over all 3.55%) 3.98%) 3.51%)
individual

species (without

0’s)

Average number 237.529 + 274.569 + 27.039 £8.597  59.741 +10.168
+ SE unique 42.939 48.193

grids for all

species overall

(including 0’s)

Statistical test W =990.000, W =990.000, W = 820.000, W =990.000,
result p<0.001 p<0.001 p<0.001 p<0.001




81

Table 3.4. A comparison of the total number of plant genera per data set and data set
comparison, and records for the same. Note: the number of plant genera include the total number
of plants identified to the Genus level; when that was not possible, the next closest, higher,
equivalent (e.g. family) were recorded. These numbers exclude non-plant forage visitation
records (e.g. flying by, sitting on a leaf). Average and range values exclude plant genera where

no records were present for each bee species.

Data Calculation BBNA all BBNA BBW BBNA BBNA

evaluated years 2010-2020 all years 2010-2020
+ BBW + BBW

all bee # total plant 652 414 653 884 735

species genera

combined

all bee # (%) n/a n/a n/a 232 231

species unique (26.24 (31.56%)

combined plant genera %)

from BBW

all bee average # 127.81 + 116.78 + 55.05+6.70 13494+ 11469+
species records per  22.48 19.72 19.88 15.87
combined plant genera

separate
bee # bee
species species with 46 43 43 49 46
plant genera
information
separate  # bee n/a n/a n/a 42 43
bee species with

species unique
plant genera

from BBW
separate range in # 2-312 1-228 1-330 2-449 1-391
bee plant genera

species per bee
species
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Data Calculation BBNA all BBNA BBW BBNA BBNA
evaluated years 2010-2020 all years 2010-2020
+ BBW  + BBW

separate  average # 82.57+10.16 48.58+7.60 109.35+12.55 133.27+ 118.52
bee plant genera 14.79 +13.74
species per bee

species
separate  rangein#  nla n/a n/a 1-308 1-308
bee unique
species plant genera

from BBW
separate  avg # n/a n/a n/a 65.17+ 78.21+
bee unique 8.73 9.41
species plant genera

from BBW

Table 3.5. A comparison of the total number of plant species per data set and data set

comparison, and records for the same. Note: number of plant species include the total number of

plants identified to the species level. When that was not possible, the next closest, higher,

equivalent (e.g. Genus) were recorded. These numbers exclude non-plant forage visitation

records (e.g. flying by, sitting on a leaf). Means + SE and range values exclude plant species

where no records were present for each bee species.

Data Calculation BBNAall BBNA BBW BBNAall BBNA
evaluated years 2010-2020 years + 2010-2020
BBW + BBW

all bee # total plant 1699 920 1755 2688 2117
species species
combined
all bee # (%) n/a n/a n/a 991 1198
species unique (36.84%) (56.56%)
combined plant

species

from BBW
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Data Calculation BBNA all BBNA BBW BBNA all BBNA
evaluated years 2010-2020 years + 2010-2020
BBW + BBW

all bee mean # 137.04 = 72.72 176.07 = 240.41 + 202.33 =
species records per  18.87 13.03 22.93 30.40 26.83
combined plant

species
separate  # bee 46 43 43 49 46
bee species with
species plant

species

information
separate  # bee n/a n/a n/a 42 43
bee species with
species unique

plant

species

from BBW
separate range in # 2-599 1-413 1-592 2-936 1-788
bee plant
species species per

bee species
separate mean # 137.04 £ 72.72 + 176.07 240.41 + 202.33
bee plant 18.87 13.03 122.93 30.40 +26.83
species species per

bee species
separate  mean # n/a n/a n/a 1-558 1-558
bee unique
species plant

species

from BBW
separate  mean # n/a n/a n/a 130.45 + 143.77 +
bee unique 17.94 19.05
species plant

species

from BBW
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Figure 3.1. Distribution of bumble bee (Bombus spp.) records across North America from A)

BBNA all years dataset, B) BBNA 2010-2020 dataset, and C) BBW dataset.
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Chapter 4. Incorporating citizen science, museum specimens, and field work into the
assessment of extinction risk of the American Bumble bee (Bombus pensylvanicus De Geer
1773) in Canada

Victoria J. MacPhail, Leif L. Richardson, Sheila R. Colla

*This chapter has been reprinted with the permission of its co-authors and publisher from the
original published manuscript: MacPhail, V.J., Richardson, L.L., Colla, S.R.. 2019.
Incorporating citizen science, museum specimens, and field work into the assessment of
extinction risk of the American Bumble bee (Bombus pensylvanicus De Geer 1773). Journal of
Insect Conservation. 23(3):597-611. https://doi.org/10.1007/s10841-019-00152-y (note:
acknowledgements were missed in the publication process of this paper, but printed as a

correction in the journal with the same authors, year, at https://doi.org/10.1007/s10841-019-

00159-5).

Abstract

Many bumble bee (Bombus) species are in decline and conservation efforts must be undertaken
now to lessen or reverse the trend. For effective efforts to occur, the first step must be an
accurate assessment of extinction risk. Yet only four of over forty Canadian Bombus species
have been assessed by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC), despite evidence of decline for numerous species in this genus. Here, we

evaluated the status of the American bumble bee, B. pensylvanicus De Geer 1773 in Canada.

A challenge with species assessments is obtaining adequate occurrence data temporally and
spatially. Citizen science is a field where volunteers can collect data similar to that of experts
over a broader coverage than researchers could often cover alone. We used data from the

Bumble Bee Watch citizen science program, a database of North American Bombus records
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representing field survey and collection records from the late-1800s, and our own field surveys
to evaluate the status of B. pensylvanicus in Canada using the International Union for the
Conservation of Nature (IUCN) Red List assessment criteria. We found that B. pensylvanicus’
area of occurrence has decreased by 70%, its extent of occurrence by 37%, and its relative
abundance by 89%, from 2007-2016 as compared to 1907-2006. These findings warrant an
assessment of Critically Endangered using IUCN Red List criteria for B. pensylvanicus in
Canada. Our findings will help inform management of B. pensylvanicus and exemplify the

importance of citizen science programs for wildlife conservation.

Introduction

Effective conservation management of at-risk species requires the important first step of an
accurate assessment of extinction risk (Rodrigues et al. 2006; Mace et al. 2008; Cardoso et al.
2011; Colla 2016). Currently in Canada, there are several federal and provincial policies
considering pollinator conservation management (Parliament of Canada 2015; Ontario Ministry
of Agriculture Food and Rural Affairs and Government of Ontario 2016; Agriculture and Agri-
Food Canada 2017; Health Canada 2017). This is a considerable improvement since an earlier
review found no real protection for pollinators in the legislation (Tang et al. 2007). In this paper,
we focus on how, despite evidence of decline at various scales throughout its range and an
assessment of Vulnerable by the IUCN Red List (Hatfield et al. 2015d), an assessment of
extinction risk in Canada has not yet been completed for the American Bumble bee, Bombus

pensylvanicus De Geer 1773.

Bombus pensylvanicus is widespread in eastern, central, and western US, and can be found in the

several Mexican states (Williams et al. 2014). In Canada, it is known from southern Ontario and
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Quebec (Williams et al. 2014); a previous record of it from Alberta as shown in Williams et al.
(2014) was determined to be a misidentification (personal communication, C. Sheffield, Curator
of Invertebrate Zoology, Royal Saskatchewan Museum). Bombus p. sonorus is found in the
southwestern United States and has a lighter colour pattern than B. pensylvanicus in the east; the
two groups appear to separate out in preliminary DNA barcoding analyses, but as there are
potential intermediary groups not yet barcoded, we follow the treatment of Williams et al. (2014)

by including B. p. sonorus as a subspecies of B. pensylvanicus (Williams et al. 2014).

Bombus pensylvanicus is a grassland species associated with open fields and farmlands (Colla
and Dumesh 2010; Williams et al. 2014). In its Canadian range, it is a late-emerging species that
tends to nest on the surface of the ground amidst long grasses, occasionally nests above ground,
and only rarely nests underground (Wyatt 1970; MacFarlane 1974; Macfarlane et al. 1994; Colla
and Dumesh 2010; Williams et al. 2014). This species tends to have smaller colonies (average of
33 new queens and 132 workers and males produced per colony) relative to congeners
(Macfarlane et al. 1994). It is also more aggressive than those Bombus species that nest
underground (Macfarlane et al. 1994), as has been seen in some but not all other surface-nesting
Bombus, potentially because of the increased predation risk these nests face (Thorp et al. 1983;
Macfarlane et al. 1994; Schweitzer et al. 2012). The aggression may also depend on the sub-
genera and location, with researchers indicating species such as B. pensylvanicus and others in
the Thoracobombus subgenus being aggressive in North America but not in Britain (Cameron et
al. 2001). In Ontario, queens first appear in mid to late May, with workers appearing within a
month; males emerge in August and new queens emerge from late August to September, with the

colonies finishing up by the end of September (Wyatt 1970; Macfarlane et al. 1994).



90

The Mixed-wood Plains Ecozone is contained primarily (73%) in the southern portion of
Ontario, but also extends into the extreme southern portion of Quebec (ESTR Secretariat 2016).
It represents approximately 8% of Ontario’s landmass yet contains about 92% of its human
population, which is reflected in the dense coverage (68%) of anthropogenic land uses types,
particularly agricultural, in that Ecozone (Ontario Biodiversity Council 2010, 2011; Statistics
Canada 2016b). While it is amongst the most species-rich regions of Canada, 73% of all Ontario
species of conservation concern and 75% of its rare ecosystems are located in this Ecozone
(Ontario Biodiversity Council 2010). Threats to species in this area include habitat loss, invasive
alien species, human population growth, pollution, unsustainable land use, and climate change

(Ontario Biodiversity Council 2010, 2011; ESTR Secretariat 2016).

Although bumble bees are known to live in patchy habitats (e.g. agricultural areas, urban areas),
isolated or poor quality habitats may not be able to support bumble bee populations (Hatfield and
LeBuhn 2007; lles et al. 2018). Additional threats to bumble bees like B. pensylvanicus may
include parasites and pathogens, such as the fungal pathogen Nosema bombi, including those
spread from managed commercial bumble bee and honeybee colonies (Colla et al. 2006;
Hoffmann et al. 2008; Otterstatter and Thomson 2008; Gillespie 2010; Cameron et al. 2011a,
2016; Szabo et al. 2012; Graystock et al. 2016). Pesticides have been and still are a threat to
bees, from past use of organophosphorus and carbamate compounds (Kevan 1975; Kevan et al.
1984, 1997) to the current widespread use of systemic neonicotinoid insecticides and fungicides;
neonicotinoids have been used increasingly since the 1990s with mounting evidence showing

negative impacts on bumble bees, particularly sub-lethal effects (Gill et al. 2012; Szabo et al.
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2012; Whitehorn et al. 2012; Godfray et al. 2014, 2015; Goulson 2015; Lundin et al. 2015;

Wood and Goulson 2017).

Conservation assessments require occurrence data from all parts of a species’ range, which can
be a challenge for species with a large distribution. These assessments also require data
coverage across time. Citizen science is a growing field that may help to increase data collection
as volunteers can collect data similar or identical to that of experts, particularly as programs
become more accessible through the use of the Internet and technology (websites, photos,
smartphone apps, etc.) (Silvertown 2009; Conrad and Hilchey 2011; Follett and Strezov 2015).
The success of the program and quality of data does depend on the complexity of information

being collected and skills needed (Kremen et al. 2011).

Although most insect taxa require physical specimens to be collected in order for identifications
to be made (Kremen et al. 2011), bumble bees can sometimes be identified to species by photos
(van der Wal et al. 2015; Beckham and Atkinson 2017; The Xerces Society for Invertebrate
Conservation et al. 2017). For example, 75% of the bumble bee observations submitted to the
iNaturalist Vermont site were identified to species through photos (Mcfarland et al. 2016), and,
as of January 31, 2018, 86% of all bumble bee observations that had been submitted to Bumble
Bee Watch and reviewed by an expert were identified to species (those records that were
assigned a tentative identification were considered to not be identified to species, and both
pending and invalid submissions (those that were not actually bumble bees) were excluded from

this analysis) (The Xerces Society for Invertebrate Conservation et al. 2018).
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Previous work in the UK with the BeeWatch program (van der Wal et al. 2015), the Texas
Bumblebees Facebook page, and the iNaturalist Bees and Wasps of Texas project (Beckham and
Atkinson 2017) suggests that citizen science projects based on photo submissions of bees can
capture data complementary to that collected by experts and assist in learning more about, and
tracking changes to, species over time. Bumble Bee Watch is a web-based citizen science
program where participants photograph bumble bees anywhere in North America, upload the
photos and relevant site information to a website or through a hand held device, and work
through an interactive identification key to arrive at a species name, which experts then verify
(The Xerces Society for Invertebrate Conservation et al. 2017). We used this data set in
conjunction with expert-collected data to aid in the assessment of conservation status for B.

pensylvanicus in Canada using the IUCN Red List criteria.

Methods

Data Compilation

We obtained data from three sources for Ontario and Quebec, dating to the end of 2016: 1) The
Bumble Bees of North America (BBNA) database; 2) Records from the Bumble Bee Watch
citizen science program already verified by experts, particularly 2014-2016; and 3) Field surveys
conducted by the authors dating to the early 2000s, particularly 2013-2016, excluding those

records already incorporated into the BBNA database.

Bumble Bees of North America (BBNA) Database
LLR maintains a database of North American bumble bee species records assembled from
numerous private, research, and other collections (see http://www.leifrichardson.org/bbna.html).

This dataset was originally assembled to support the development and publication of the Bumble
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Bees of North America (Williams et al. 2014), with new records added each year to support a
variety of species status assessments (e.g. IUCN North American Red List Bombus Assessment
(Hatfield et al. 2015d, e, c) and the United States Fish and Wildlife Service (USFWS)
assessments (Defenders of Wildlife 2015; Szymanski et al. 2016)). An export was obtained from
the database on May 12, 2016 for Ontario (18,986 records) and May 23, 2017 for Quebec (4,470
records); no further records for Ontario had been added between May 12, 2016 and May 23,

2017 so a newer export was not obtained.

We excluded duplicate occurrences found in the data set, as well as those found in other data sets
used in the project, including some of SRC’s research collections and Bumble Bee Watch data.
Records with missing or incorrect geographic coordinates as determined by a visual review of
the data were updated based on label data or removed. We further updated three records
erroneously identified (as determined by SRC) as B. pensylvanicus from Grassy (Reed) Narrows

(two records) and Thessalon (near Sault St. Marie) (one record) to be Bombus sp.

Bumble Bee Watch Data

All records submitted to the Bumble Bee Watch citizen science program that had been verified
by experts to date were exported on May 12, 2017. This included 78 records from Quebec and
2,092 records for Ontario (2,170 total). Data was screened and corrected as described per the

BBNA database.
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MacPhail and Colla Field Surveys

Bumble bee surveys by the authors and colleagues were conducted at sites in southern and
central Ontario and the extreme south of Quebec over the last decade (see Table B.S1 and Fig.
B.S1). These included targeted surveys for known species at risk of extinction, such as at
historic and extant B. affinis sites in 2007-2016, and known and potential B. terricola sites in
2014-2016, and B. bohemicus (= B. ashtoni) sites in 2016. Surveys generally took place between
7am and 7pm on precipitation-free days between 3 and 30°C from April to October, with the
majority of surveys occurring during July and August. Bees were usually collected using sweep
nets, identified, and released at the end of the survey period, although some were identified on
the wing. Photos were also taken of some specimens for later review. Identification was based
on keys in Laverty and Harder (1988) and Williams et al. (2014), as well as comparison to
physical specimens in reference collections held at the University of Guelph and York
University. Bumble bee data were also collected from pollinator surveys completed in 2010-
2011 in Algonquin Provincial Park (Nardone 2013). Data collected by the authors previously

incorporated into the BBNA database are not included in this source category.

Data Summary

After data compilation and cleaning, there were 34,221 Bombus records from 1907-2016 over all
three data sets (Table 4.1). While the majority of Bombus records were from southern Ontario,
southern Quebec and central Ontario also had fair representation, while the northern regions had
few observations (Fig. 4.1). Despite the extensive data set and survey effort, B. pensylvanicus

was only found from southern Ontario and extreme south-western Quebec (Fig. 4.1).
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Data was limited and categorized into historic and recent time periods (Table 4.1). The 1907-
2006 period was chosen to provide a one hundred year historic period (152 total Bombus records
pre-1907 excluded, including 4 B. pensylvanicus), which provides an extensive baseline for
comparison to modern times and evens out periods with varying levels of survey efforts. The
2007-2016 period meets the IUCN red list criterion A2 (population reduction) that required
declines to have been observed over the last 10 years (IUCN 2012a; IUCN Standards and

Petitions Subcommittee 2016).

Records that did not have a year associated with the observation but were known to occur pre-
2007 (based on data associated with the record, such as the collector name or date the
identification was determined) were included in the timeframe for analyses where possible. For
example, these data were included for calculations of Extent of Occurrence and changes in
relative abundance between the two main periods (as they were known to have occurred pre-
2007), but not for calculations of relative abundances per decade (as they could not be assigned

to a specific decade).

Limiting of all Bombus spp. Data to B. pensylvanicus Range Extent

We used ArcGIS 10.5 (ESRI 2016) to build a minimum convex polygon around the 1907-2016
Canadian observations of B. pensylvanicus (see Table B.S2 for a breakdown of records per data
source), then clipped the full 1907-2016 Bombus dataset to this polygon to create a subset of the
Ontario and Quebec Bombus observations (Fig. 4.2, Table 4.1). The resulting subset of data
included 7,579 historic records and 11,895 recent records (Table 4.2), with the number of

observations and relative abundance varying by decade (Table 4.3).
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Analysis of Data

IUCN Criteria

We use the globally recognized, standardized, and comprehensive IUCN Red List Criteria
(Rodrigues et al. 2006; Mace et al. 2008; IUCN 2012a; IUCN Standards and Petitions
Subcommittee 2016) specifically their regional guidelines (IUCN 2012b) to calculate the
conservation status or risk of extinction for B. pensylvanicus. As per the assessment process
described in IUCN (2012b; 2016), each criterion (e.g. population reduction, small geographic
area) was evaluated if possible, and the highest threat category (e.g. Endangered vs Vulnerable)
from all of these evaluations was assigned to the species. We focused on IUCN Criterion A2,
which relates to population reduction (measured over the last 10 years) observed, estimated,
inferred, or suspected in the past where the causes of reduction may not have ceased or may not
be understood or may not be reversible. A2b is an index of abundance appropriate to the taxon,
for which we have used relative abundance relative to historic values to evaluate. A2c relates to
a decline in Area of Occurrence, Extent of Occurrence, or habitat quality: we use both Area of
Occurrence and Extent of Occurrence here. For each A2 category, population reduction must be

>=80% to be Critically Endangered, >=50% to be Endangered, or >=30% to be Vulnerable.

To calculate changes in spatial distribution, we calculated the Area of Occurrence (AOO) and
Extent of Occurrence (EOO) for each of the two B. pensylvanicus data sets as previously
described (historic 1907-2006 and recent 2007-2016 periods). The EOO is measured as the area
within the smallest boundary that can be drawn around the edge of all known or expected
occurrences, while the AOO is a measurement of the space a species actually occupies, based on

the number of 2km wide grid cells that it occupies within the EOO (IUCN 2012a). Each data set
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was imported into the online GeoCAT geospatial conservation assessment tool (Bachman et al.
2011), which provided calculated values for AOO and EOOQ based on a minimum convex hull
polygon. The GeoCat results do include portions of the Great Lakes, which are not habitat for
bumble bees. The inclusion of these areas of unsuitable habitat in the calculations for EOO is
encouraged by some authors (Gaston and Fuller 2009; Bachman et al. 2011) and in the GeoCAT
program itself (Royal Botanic Gardens Kew 2017), which reference the discussion about the
difference in EOO versus AOO (the AOO does not include any grid cells the species does not
occur in so by default does not include areas of unsuitable habitat). While the IUCN indicates
that either method is acceptable (IUCN 2012a), other authors, such as Hatfield et al. (2015b)

indicate that these areas should be removed.

We therefore also calculated Extent of Occurrence in ArcGIS (ESRI 2016) using the minimum
bounding geometry tool (with convex hull option) to calculate the area with and without the
Great Lakes, to determine if the inclusion of these discontinuities or disjunctions affected the
final status assessment. We found that the two ArcGIS approaches resulted in a similar final
change in EOO and was also similar to the GeoCat approach (see Table B.S3). Thus, we will

present results following the GeoCat approach in this paper.

Relative abundance can be used to compare data sets with unequal sample sizes, and to evaluate
changes over time. To calculate changes in the relative abundance of B. pensylvanicus before
and after 2007, the total number of B. pensylvanicus observations was divided by the total
number of all Bombus observed in that period (1907-2006 and 2007-2016, and each individual

decade). Linear regression was used to infer the rate of change in relative abundance over time.
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Two-tailed z-tests of equal proportions were used to determine if the relative abundance differed
significantly between the overall historic and recent periods, and between adjacent decades.
Microsoft Excel (Microsoft Office Professional Plus 2013) was used to calculate the relative
abundances for each period, to plot the linear regression equation as calculated using SPSS (IBM
SPSS Statistics ver. 24), and to plot other graphs in this chapter. SPSS was also used to calculate

the z-test values.

To determine if immigration of B. pensylvanicus from outside of its Canadian range could occur
and help lower its extinction risk (“rescue effect”(IUCN 2012b)), the ability of the species to
move across the landscape must be considered. While the dispersal distances of B.
pensylvanicus specifically and Ontario Bombus generally are unknown, it could be up to ten
kilometers based on that of other Bombus species (Kraus et al. 2009; Colla 2017). Rescue must
therefore be from US states adjacent to Canada and not from other parts of B. pensylvanicus’
North American range. However, the rescue effect also depends on how the species is doing in
the adjacent areas: if it is declining there, it will not likely to be able to help rescue the Ontario
and Quebec populations. We evaluated the nearest states and their NatureServe (2015) ranking
of status for this section. If it is found that a rescue effect could occur, then the Red List
assessment should be downlisted by one category (e.g. from critically endangered to

endangered)(ITUCN 2012b).
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Natural History Information for B. pensylvanicus
In addition to analyses related to declines, we also compiled information about B. pensylvanicus’
biology and natural history from this data set. This included emergence periods of each caste,

flight periods, and forage plants: important information for conservation efforts.

Results

Change in Area Of Occurrence, Extent Of Occurrence

The Area of Occurrence for B. pensylvanicus declined by over 204km? or 70% of its previous
range (Table 4.4), and the Extent of Occurrence for B. pensylvanicus declined by over 38,000
km? or about 37% of its previous range (Fig. 4.3, Table 4.4), between the historic 1907-2006 and

recent 2007-2016 periods.

Relative Abundance

A statistically significant decline of over 89% in B. pensylvancus relative abundance within its
Canadian range occurred between the historic (1907-2006) and recent (2007-2016) periods (Fig.
4.4, Table 4.5) (Z = 17.215; p < 0.0001). There was not a significant decline trend over the
entire time period (R2=0.197, p = 0.172)(Fig. 4.5). However, there were increases and
decreases in relative abundance per decade overtime (Fig. 4.5). Indeed, there were signficant
differences in four pairs of decades: 1917 vs 1927 (Z = 2.570, p = 0.001), 1927 vs 1937 (Z =
4.026; p < 0.0001), 1947 vs 1957 (Z = 2.462; p = 0.014), and 1977 vs 1987 (Z = 3.378; p =

0.001)(see results for each set of decade comparisons in Table B.S4).
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Rescue Effort

The nearest states to the Canadian range of B. pensylvanicus, and their NatureServe (2015)
subnational (S-rank) status rankings are: Maine (SH - possibly extirpated (historical)), Vermont
(S1 — critically imperiled), New York (S1 — critically imperiled), Pennsylvania (SNR — not
ranked), Ohio (no NatureServe listing), Michigan (SNR — not ranked). Bombus pensylvanicus is
therefore considered to be in severe declines (extirpated or critically imperiled) in all of the
adjacent states that have been ranked. It is possible that the unranked (SNR) populations are also
at risk as a query of the BBNA database for the adjacent states shows only 13 recent
observations (since 2006) of B. pensylvanicus (personal communication, L. Richardson, Gund
Institute for Environment, University of Vermont). As well, a recent continent-level status
assessment for NatureServe found that B. pensylvanicus has been downgraded to G3 (personal
communication, L. Richardson, Gund Institute for Environment, University of Vermont) from
G3G4 (NatureServe 2015). The overall rescue effect from the United States is therefore believed
to be limited, and thus no adjustment to the calculated IJUCN Red List regional assessment needs

to be made (i.e. no uplisting or downlisting of categories).

Application of IUCN Criteria

By applying the IUCN Red List Regional Guidelines to our assessment of this species, we find
that it merits a status of Critically Endangered A2b due to a decline in relative abundance of over
80% (Table 4.6). Criteria A2c alone would merit a status of Vulnerable with a decline of over
30% in range size for EOO or Endangered for over 50% in range size for AOO (Table 4.6).
While A2e also applies due to the suspected influence of introduced parasites and pathogens,

including from commercial bumble bee colonies and honeybee colonies (Colla et al. 2006;
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Otterstatter and Thomson 2008; Cameron et al. 2011b, 2016; Szabo et al. 2012; Graystock et al.

2016), this was not able to be quantified for the purposes of this study.

Other criteria were not applied as they were not relevant. For example, criterion B, C, and D
were not relevant to B. pensylvanicus as the species has too great an EOQO, population size, and
number of locations, and E was not relevant as the criteria requires a 50% probability of
extinction in the wild in the next 10 years, which is unlikely to happen based on current

population size and trend.

Natural History Information

The earliest spring record of B. pensylvanicus was May 15 and the latest record was October 5,
with the most records reported in August (avg 1.1 bees per month +/- 0.34 SE) (Fig. BS2).
Unsurprisingly, workers were the most common caste recorded (56% of records), followed by
queens and males (Table B.S5). Queens begin to emerge in May and can be found through
October (Fig. B.S3). Workers emerge in June and males begin to emerge in July, with both still

being found through October (Fig. B.S3).

Very few records (9.2% or 32 of 329) actually had information about what plant the bee was
collected off of so it is difficult to make any declarations about preferred host plants. The forage
plant was only recorded for 31 observations, while 1 bee record was noted as flying by.
Although the most commonly visited species was Vicia cracca (cow vetch), this may be a site-

specific finding as 19 of the 22 observations were from same the site.
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Discussion

Many bumble bee species are currently in decline and conservation efforts must be undertaken
now to lessen or reverse the trend. For effective efforts to take place, the first step must be an
accurate assessment of extinction risk. Bombus pensylvanicus is just one species that has not yet
been assessed by provincial or federal governments in Canada yet we found it to be Critically
Endangered using the IUCN criteria. A global risk assessment (Hatfield et al. 2015d) for
Bombus pensylvanicus previously found it be Vulnerable, according to the IUCN Red List
criteria A2be based on a >30% reduction in population using relative abundance and persistence
measurements, as well as a decrease in range and with the documented threat of pathogens.
Hatfield et al. (2015d) had actually calculated a 51% reduction, which leads to an Endangered
listing, but downlisted their assessment as they believed a Vulnerable listing was more
representative of the true decline of the species. However, with B. pensylvanicus’ smaller range
in Canada, the rapid declines seen in other Canadian bumble bee species (e.g. B. affinis and B.
bohemicus)(COSEWIC 2010, 2014a; Environment and Climate Change Canada 2016; Colla
2017), the knowledge that bumble bees at northern latitudes tend to have smaller colonies
(Yalden 1982; Donovan and Wier 1984; Williams 1988; Macfarlane et al. 1994) and with
climate change shown to be limiting rather than allowing a northward range expansion or
elevational shift by bumble bees (Kerr et al. 2015; Pyke et al. 2016), a more protective stance

needs to be taken here in order to prevent extirpation.

Our study was the first to combine citizen science data with expert-collected and historic data to
examine the status of a bumble bee species across its Canadian range. The data from Bumble

Bee Watch was particularly valuable as it represented 20% of the recent (2007-2016) records of
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B. pensylvanicus (10/50 records) and 36% of the recent B. pensylvanicus locations (8/22 sites).
The inclusion of these data led to a better understanding of the species status, as the change in
EOO between historic and recent times was found to be -37.12% with the data as compared to -
53.65% without, and the decline in RA 88.6% with the data (and a 57% increase in sample size)
as compared to an 89.2% decline in RA (and a 32% increase in sample size) without, again
between historic and recent time periods. Considering the program did not start until 2014, and
the Canadian range of B. pensylvanicus occurs in the most densely populated area of Canada and
thus an area of many potential participants, there is a strong potential for an increase in records
and locations to be found in the future. However, more records of other species will also be
submitted, potentially keeping the relative abundance trends the same. As the species is likely
already at the northern edge of its North American range, its range to the west in Ontario is
interrupted at Lake Huron, and the south is at the Canada-US border, the extent of occurrence for
its Canadian range is not likely to change drastically. An additional benefit of this program will
be an increase in information about B. pensylvanicus’ natural history, from activity times to

forage plants being visited.

It is not yet clear why B. pensylvanicus is declining. It is suspected that different factors and
interaction effects are involved: pesticides, habitat loss, climate change, parasites, diseases, non-
native species, and low genetic diversity and effective population sizes may all play a role
(Zayed and Packer 2005; Colla et al. 2006; Colla and Packer 2008; Hoffmann et al. 2008;
Cameron et al. 2011b; Szabo et al. 2012; Burkle et al. 2013; Goulson et al. 2015; Hatfield et al.
2015d; Kerr et al. 2015; Pyke et al. 2016; Colla and Maclvor 2017). Indeed, these factors may

effect species and populations differently or have synergistic or antagonistic effects.
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Additionally, bumble bees with more specialized or narrower niches, as well as those at the
edges of their ranges (thus including B. pensylvanicus), may be more vulnerable to decline than
others (Williams et al. 2007; Arbetman et al. 2017), even without the stressor of climate change
that is already causing bumble bee species ranges to contract from the south, not expand to the
north, and to not shift in elevation (Kerr et al. 2015; Pyke et al. 2016). While it is not clear if this
is the reason for the decline in B. pensylvanicus (particularly considering the fact that it’s
declining even in historically strong and central parts of its range), it does mean that conservation
efforts must focus on supporting current populations and not anticipating immigration from the

south.

Not all bumble bee species are declining in Canada and globally, and there are trends to suggest
that certain phylogenies may be more susceptible than others (Arbetman et al. 2017). Globally,
the Thoracobombus subgenus of bumble bees has been shown to be have more species in decline
than other subgenera (Arbetman et al. 2017). Bombus pensylvanicus is a member of the
Thoracobombus subgenus, which also includes B. fervidus (Williams et al. 2014), another
grassland species shown to be Vulnerable across its range in North America (Hatfield et al.
2015c) but not yet assessed in Canada (Hatfield et al. 2015¢). In Canada, the Bombus subgenus
has been noted to be strongly in decline. Currently four bumble bee species have been assessed
by the Committee on the Status of Wildlife in Canada, and all have been found to be at risk of
extinction. Three of these species, B. affinis, B. occidentalis, and B. terricola, are all from the
Bombus subgenus (Williams et al. 2014), while the fourth species, B. bohemicus (from the

Psithyrus subgenus) is a parasite of bees of that subgenus (COSEWIC 2010, 2014b, a, 2015).
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This suggests that there are differences in the evolutionary history of bumble bees that are

making some more vulnerable to stressors than others (Arbetman et al. 2017).

In Illinois, Lozier and Cameron (2009) found that B. pensylvanicus had lower genetic diversity
than B. impatiens, as was found in later broader studies (Cameron et al. 2011b; Lozier et al.
2011). However, when a restriction site-associated DNA sequencing (RADseq) technique was
used as compared to the previous microsatellite-based analyses, Lozier (2014) found little
difference between these two species. Bees are known to experience rapid loss of diversity with
a resulting increased risk of extinction with decreased population size and inbreeding due to the
haplodiploidy system of sex determination Hymenoptera have (Zayed and Packer 2005). Thus
their populations can crash quickly, and action must be taken sooner rather than later to recover

them.

Cameron et al. (2011b) and Gillespie (2010) found that declining species of bumble bees,
including B. pensylvanicus, had higher levels of the parasite Nosema bombi than stable species,
although interestingly, Arbetman et al. (2017) found the opposite, that common species were
more likely to carry parasite loads than declining ones. Gillespie (2010) found that there was no
significant difference in conopid parasitism between rare species like B. pensylvanicus and
common species, although there were significantly lower Crithidia parasitic infections in the rare
species. It is possible that spill-over of Nosema from managed bumble bee pollinators in
greenhouses to wild populations (Colla et al. 2006; Otterstatter and Thomson 2008) is causing
declines, as the decline in B. pensylvanicus was correlated with high densities of vegetable

greenhouses (Szabo et al. 2012). However, Gillespie (2010) noted that sites over three
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kilometers from any potential managed bumble bee colony still showed high Crithidia and
Nosema infection levels. A study in Southern Ontario and Quebec by Cheryomina (personal
communication, M. Cheryomina (unpublished draft MSc thesis), York University) found no
Nosema infection in six uncommon species, including B. pensylvanicus, while it was present in
five common species; similarly, she found no tracheal mites in the uncommon species and only
one individual of a declining species with conopid fly parasitism. It is possible that
Cheryomina’s and Gillespie’s results were influenced by small sample size, with each study
having less than ten individuals of each the uncommon species sampled (including B.
pensylvanicus) found as compared to the range of 5-379 (Cheryomina) and 7-557 (Gillespie)
individuals of each species investigated overall. It is also possible that common species have
more resistance or tolerance to these parasites, thus carrying them while still foraging, while
declining species may not survive the infection and thus infected workers would not be found
(Arbetman et al. 2017). Therefore the connection between infection and species decline is still

uncertain.

As B. pensylvanicus is a grassland species, the extensive loss of grasslands in Ontario may be
one reason why this species is in decline (Colla and Dumesh 2010; Ontario Biodiversity Council
2010, 2011; Hatfield et al. 2015d). A visual assessment using Google Maps and Google
Streetview (Google 2018) of the habitat around the recent sites documented in this study found
that 73% were located in, or within 500m of, a grassland/old field area (including 1 pasture site),
with an additional 18% of sites in, or within 200m of, a large city park and/or a large riparian
area. The remaining 10% of sites were either in an intense agricultural area (1 site) or urban area

(1 site), with the latter just over 600m from a riparian area. Bombus pensylvanicus was reported
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to use many anthropogenic sites (e.g. edge of agricultural fields, sheds, lofts) when it was more
common (MacFarlane 1974; Macfarlane et al. 1994), which suggests the lack of natural sites
currently may not be a limiting factor, but this study suggests that the current Canadian

populations seem to prefer open un-mowed areas.

In addition to general habitat needs, such as for nesting, sufficient foraging resources are critical
for bumble bee species (Colla and Packer 2008; Potts et al. 2010; Burkle et al. 2013; Goulson et
al. 2015; Colla 2016). Climate change can cause changes in phenology, or reduce the number of
flowers or amount of flower provisions, in addition to effects of extreme weather events on
plants and pollinators (Inouye 2008; Bartomeus et al. 2011; Kjohl et al. 2011; Goulson et al.
2015; Miller-Struttmann et al. 2015; Pyke et al. 2016). The loss of forage plants, particularly for
specialist species, may result in a decline of the pollinator species (Leon-Cortés et al. 1999;
Johnson and Steiner 2000; Memmott et al. 2007; Burkle et al. 2013). As a generalist species that
has been known to feed on over 200 plant species (MacFarlane 1974; Colla and Dumesh 2010;
Williams et al. 2014), B. pensylvanicus could be thought resilient to the loss of some plant
species, as a result of disturbances such as habitat loss or climate change. However, although B.
pensylvanicus was the bee species with the most observed unique plant species interactions in an
Illinois study in the late 1800s, it was only observed on one plant species a century later at the
same area, despite an extensive survey effort and with many of the same plants being in
existence (Burkle et al. 2013). In our study, we only had information on plant forage for 31 B.
pensylvanicus observations, but 71% of those were on Vicia cracca, a non-native species;
interestingly, another recent study in southern Ontario found that at-risk Bombus, including B.

pensylvancius, showed a preference for this species rather than native species in the same area as
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more common Bombus did, presenting an interesting conservation dilemma relating to planting
of non-native species (Gibson et al. 2019). More information about its plant preferences and nest

sites will be important to gather to aid in conservation efforts.

Neonicotinoid pesticides area a class of pesticides that have increasingly been flagged as an area
of concern in relationship to pollinator health, including bumble bees (although there is still
debate as to their role in declines) (Gill et al. 2012; Szabo et al. 2012; Whitehorn et al. 2012;
Godfray et al. 2014, 2015; Goulson 2015; Lundin et al. 2015; Wood and Goulson 2017). They
have been used in Ontario since the 1990s in the agricultural industry in particular, with as much
as 99% of all corn and 60% of all soybean seeds, representing about 4.9 million acres total, being
treated with them annually (Government of Ontario 2014), although a regulation was introduced
to try and limit the amount of crops treated starting in 2016 (Ontario Ministry of Agriculture
Food and Rural Affairs and Government of Ontario 2016). The area of the province these crops
are grown in highest concentration includes the main region of B. pensylvanicus’ range

(Agricorp 20164, b).

Declines in populations of this species have been noted in other studies as well. For example,
Giles and Ascher (2006) surveyed more than 1,200 Bombus in the Black Rock Forest of New
York and found no B. pensylvanicus, while Grixti et al. (2009) found that its range had decreased
in Hlinois and only represented 4.4% of all recent observations compared to 28.1% historically.
Cameron et al. (Cameron et al. 2011b) did not find it across its’ historical northern and eastern
range in the United States, estimating a 23% reduction. Bartomeus et al. (2013) also found it to

be in significant decline in the northeastern United States, and Richardson et al. (2019) found it
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to be in decline in Vermont. It was classified as data deficient in a recent 150 year evaluation of
Bombus in New Hampshire as there were not enough recent records to be assessed (Jacobson et
al. 2018). Colla and Packer (2008) intensively re-surveyed two areas of Ontario in 2004-2006
previously surveyed in 1971-1973, and found no B. pensylvanicus out of 1,195 Bombus
specimens, despite the species previous abundance. Indeed when they expanded their analyses
to all of Canada and the United States, Colla et al. (2012b) found B. pensylvanicus was still
present in only 34% of historically occupied and re-sampled 50km x 50km grid cells. However,
relative abundances do vary by site; for example, Macfarlane (1974) found values of 0%, 2.9%,

14%, and 19.9% for sites and regions in southern Ontario.

There are concerns with using relative abundance as a calculation to evaluate changes in
populations, as it assumes the denominator (all Bombus spp.) does not change over time; i.e. only
the species (B. pensylvanicus) being investigated should be changing (Bartomeus et al. 2013;
Jacobson et al. 2018). However, we know with Bombus spp. in North America that this is not
true, as some species like B. impatiens have actually increased over time, which would make
everything else “rarer” compared to it, while other species, like B. affinis, have also decreased,
further complicating the comparison (Colla and Packer 2008; Cameron et al. 2011b; Colla et al.
2012b; Jacobson et al. 2018). However, other approaches (e.g. using species richness or
presence/absence data, comparing to stable species, modeling with all species weighted equally
vs by percent or by number of individuals, standardizing survey effort, etc.) also have concerns,
and relative abundance is still widely used by many authors (Cameron et al. 2011b; Colla et al.

2012b; Bartomeus et al. 2013; Jacobson et al. 2018).
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Survey effort may also impact analyses. Area of Occurrence estimates, particularly at the IUCN
recommended 2km cell width, can be underestimated if cells exist where sampling has not
occurred but the species exists (Royal Botanic Gardens Kew 2017); as B. pensylvanicus’ range
may cover grid squares where no surveys have (re-)occurred, we also used additional methods of

determining status.

Relative abundance is a method that can help account for unequal sample sizes, but low search
effort or biased surveys may cause differences in results. In this study, the decades beginning in
1927 and 1937 were unusual ones for relative abundance, as the value for the 1927 decade was
much lower than the previous one beginning in 1917, before an extreme jump in relative
abundance occurred for the next decade starting in 1937. However, the number of unique survey
events and average number of bees collected per survey event do not show similar trends (Figs.
B.S4, B.S5). The number of survey events decreased over the first part of the century, from the
1907-1916 period to the 1937-1946 period (potentially relating to impacts from the two World
Wars and the Great Depression), before rising each decade until 1987-1996 where there was a
smaller drop, followed by a reversal in the 1997-2006 period and then drastic jump in the 2007-
2016 period (Fig. B.S4). The average number of bees per survey event varied little on a per
decade basis in the first % of the century before dipping in the 1977-1986 period and then
increasing linearly through the 2007-2016 period (Fig. B.S5). While the Bumble Bee Watch
citizen science program greatly increased the number of total unique events in 2007-2016 as
compared to prior decades, and lowered the average number of bees collected per survey event
compared to that from the other data sources in the 2007-2016 period (Fig. B.S6, B.S7), this

variation in effort is unlikely to have affected our analyses.
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Regardless of the method used and variation in survey effort, the overall trend over time and
comparison of the historic as compared to the recent data (particularly EOO and relative

abundance) show that there has been declines in B. pensylvanicus that are cause for concern.

Additionally, this study focused on B. pensylvanicus in Canada, which is an arbitrarily delimited
political area. Calculations using data from this region has value particularly for national
conservation efforts and assessments. It is possible that the addition of observations from
adjacent areas in the United States may change these results. As indicated above, this species
has shown to be in decline over its entire geographic range and in studies evaluating its current
status. However, further research in the adjacent areas, such as those that do not currently have a

Nature Serve ranking (2015), should be conducted to investigate this angle.

As is clear from above, further research into B. pensylvanicus’ biology and threats is required as
there is much not yet known. While broad conservation actions for the recovery of bumble bees
in general have been suggested (see e.g. Cameron et al. (2011b) for the final report of the 2010
North American Bumble Bee Species Conservation Planning Workshop, and the Ontario
Bombus recovery strategies (Environment and Climate Change Canada 2016; Colla 2017)),

specific needs for this species still need to be identified (Hatfield et al. 2015d).

Bombus affinis Cresson 1863 co-occurs with B. pensylvanicus in southern Ontario, and was
listed as Endangered federally and provincially in 2010 (Committee on the Status of Species at
Risk in Ontario 2010; COSEWIC 2010; Queen’s Printer for Ontario 2016). However, no

individuals have been observed throughout its Canadian range since 2009 (Colla and Taylor-
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Pindar 2011; Government of Ontario 2017) indicating the listing and subsequent protection may
have occurred at a date too late to conserve this species from extirpation in Canada. It is
imperative that the status of B. pensylvanicus in Canada is determined in order to begin

conservation management strategies to avoid the regional extirpation of this species.

Extreme declines in relative abundance and moderate declines in Extent of Occurrence were seen
for Bombus pensylvanicus in its Canadian range, meriting it a suggested IUCN rank of Critically
Endangered. Citizen science data provided valuable coverage and can be used in assessments of
other species, particularly in conjunction with historic museum specimens and researcher-led
field work. Promotion of citizen science programs should therefore occur in order to increase the
number of submissions, our knowledge of species, and an interest by the public through
government agencies in conserving them. Data from this study can be used to support provincial
and federal assessments, encourage habitat restoration and management efforts, effect policy

related to commercial pollinators, and guide further research.
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Tables and Figures

Table 4.1. A comparison of the number of records of all Bombus spp. in Ontario and Quebec, all
Bombus spp. found within the range of B. pensylvanicus in Ontario and Quebec, and all B.
pensylvanicus found in Ontario and Quebec in each of three data sets sourced for the period

1907-2016. BBNA is the Bumble Bees of North America database maintained by LRR.

Data source # of all Bombus spp. 1907-2016 # of B. pensylvanicus
1907-2016
All ON, QC B. pensylvanicus All ON, QC
range only
BBNA 20,182 9,949 287
Bumble Bee 2,234 1,867 10
Watch
MacPhail and 11,805 7,658 32
Colla
Total 34,221 19,474 329

Table 4.2. A comparison of the number of observations of all Bombus spp. (including B.
pensylvanicus) and all B. pensylvanicus within the known range of B. pensylvanicus in Ontario

and Quebec between historic (1907-2006) and recent (2007-2016) periods.

Period # Bombus spp. # B. pensylvanicus
Historic (1907-2006) 7,579 279
Recent (2007-2016) 11,895 50

Total 19,474 329
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Table 4.3. A comparison by decade of the number of observations of all Bombus, all B.
pensylvanicus, and the relative percent abundance of B. pensylvanicus, within the range of B.
pensylvanicus in Ontario and Quebec. Data with no recorded year but that were known to have
been recorded pre-2007 (based on data associated with the record, such as the collector name or

date the identification was determined) are included in a separate row in the table.

Decade # Bombus # B. pensylvanicus Relative
Abundance B.
pensylvanicus

(%)
1907-1916 368 11 2.99
1917-1926 370 20 5.41
1927-1936 158 1 0.63
1937-1946 65 8 12.31
1947-1956 428 28 6.54
1957-1966 585 19 3.25
1967-1976 694 26 3.75
1977-1986 659 23 3.49
1987-1996 766 7 0.91
1997-2006 1,987 12 0.60
2007-2016 11,895 50 0.42
Total Records With Known 17,975 205 1.14
Years
Unknown Years (But Pre-2007) 1,499 124 not valid

comparison

Total Records All Years 19,474 329 1.69
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Table 4.4. A comparison of the Area of Occurrence (AOO) and Extent of Occurrence (EOO) for

B. pensylvanicus from historic (1907-2006) to recent (2007-2016) periods in Ontario and

Quebec.
Historic, 1907-  Recent, 2007- Change Change Amount of
2006 (279 2016 (50 between between Historic
records) (km?)  records) Historic and Historicand  range still
(km?) Recent periods Recent occupied
(km?) periods (%) (%)
AOO 292 88 -204 -69.86 30.14
EOO 103,084.97 64,821.53 -38,263.45 -37.12 62.88

Table 4.5. Relative percent abundance of B. pensylvanicus as compared to all Bombus spp.

recorded in its range across Ontario and Quebec in historic (1907-2006) as compared to recent

(2007-2016) periods. A decline of over 89% was seen.

Period # Bombus # B. Relative percent abundance B.

pensylvanicus  pensylvanicus to all Bombus
spp.

Historic (1907-2006) 7,579 279 3.68

Recent (2007-2016) 11,895 50 0.42

Change Between -3.26

Periods

Change in B. pensylvanicus relative abundance Between -88.58

Periods
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Table 4.6. Application of the relevant IUCN Red List Criteria to Bombus pensylvanicus in its

Canadian range for the period 2007-2016 as compared to 1907-2006. A discussion of the

criterions and assessment levels can be found in the text.

IUCN Criterion

Current Status

Decrease Relative to

IUCN Assessment

Relative to Historic ~ Historic
A2b 11.45% 88.58% >80% decline =
Relative abundance Critically
relative to historic Endangered
values
A2c 62.88% 37.12% >30% decline =
Range size relative to Vulnerable
historic range based on
EOO
A2c 30.14% 69.86% >50% decline =

Range size relative to
historic range based on
AOO

Endangered
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Figure 4.1. All Bombus observations in (a) historic (1907-2006) and (b) recent (2007-2016)

period in Ontario and Quebec, based on the three data sources as described in the text (BBNA

database, Bumble Bee Watch citizen science program, MacPhail and Colla surveys).
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Figure 4.2. All Bombus spp. and B. pensylvanicus records observed in historic (1907-2006) and
recent (2007-2016) periods in Ontario and Quebec, with all Bombus spp. records (1907-2016) as

limited by a minimum convex hull polygon over all B. pensylvanicus observations (1907-2016).
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Figure 4.3. Extent of Occurrence (EOO) maps for B. pensylvanicus showing an over 37%
reduction in EOO from (a) historic (1907-2006) to (b) recent (2007-2016) periods in Ontario and

Quebec.
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Figure 4.4. A comparison of the mean relative percent abundance of B. pensylvanicus as
compared to all Bombus spp. recorded in its range across Ontario and Quebec in historic (1907-
2006; n=7,579) and recent (2007-2016; n=11,895) periods (total n=19,474). There were
significantly fewer B. pensylvanicus relative to all Bombus spp. in the recent period as compared
to the historic period (z-value 17.2145 p-value < 0.0001). Different letters above the bars

indicate significant differences.
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121

Chapter 5. Using Bumble Bee Watch to investigate the accuracy and perception of bumble
bee (Bombus spp.) identification by community scientists

Victoria J. MacPhail, Shelby D. Gibson, Richard Hatfield, Sheila R. Colla

*This chapter has been reprinted with the permission of its co-authors and publisher from the
original published manuscript: MacPhail, V.J., Gibson, S.D., Hatfield, R., Colla, S.R.. 2020.
Accuracy of Initial Identification of Bumble Bees (Bombus spp.) to the Species-level by Citizen

Scientists on Bumble Bee Watch. PeerJ, PeerJ 8:€9412 DOI 10.7717/peerj.9412

Abstract

Community science programs provide an opportunity to gather scientific data to inform
conservation policy and management. This study examines the accuracy of community science
identifications submitted to the North American Bumble Bee Watch program on a per species
level and as compared to each species’ conservation status, as well as users (members of the
public) and experts (those with expertise in the field of bumble bee biology) perceived ease of
species identification. Photos of bumble bees (Hymenoptera: Apidae: Bombus) are submitted to
the program by users and verified (species name corrected or assigned as necessary) by a bumble
bee expert. Over 22,000 records from over 4,900 users were used in the analyses. Accuracy was
measured in two ways: percent agreement (percent of all records submitted correctly by users)
and veracity (percent of all verified records submitted correctly by the users). Users generally
perceived it harder to identify species than experts. User perceptions were not significantly
different from the observed percent agreement or veracity, while expert perceptions were
significantly different (overly optimistic) from the observed percent agreement but not the

veracity.
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We compared user submitted names to final expert verified names and found that, for all species
combined, the average percent agreement was 53.20% while the average veracity was 55.86%.
There was a wide range in percent agreement values per species, although sample size and the
role of chance did affect some species agreements. As the conservation status of species
increased to higher levels of extinction risk, species were increasingly more likely to have a
lower percent agreement but higher levels of veracity than species of least concern. For each
species name submitted, the number of different species verified by experts varied from 1 to 32.
Future research may investigate which factors relate to success in user identification through
community science. These findings could play a role in informing the design of community
science programs in the future, including for use in long-term and national-level monitoring of

wild pollinators.

Introduction

Community science, which is also known as citizen science, is a popular tool in conservation
biology that involves public participation in scientific data collection (Silvertown 2009; Crall et
al. 2011; Kremen et al. 2011; Lye et al. 2011; Roy et al. 2012; Cooper et al. 2012; Dickinson et
al. 2012; Lebuhn et al. 2013; Birkin and Goulson 2015; Kobori et al. 2016; Kosmala et al. 2016;
Aceves-Bueno et al. 2017; McKinley et al. 2017). The main strengths of community science
include increasing the spatial and temporal scale and magnitude of sampling efforts; reducing the
cost of sampling; and creating educational and recreational benefits for participants (Bonney et
al. 2009a; Kremen et al. 2011; Dickinson et al. 2012; Lebuhn et al. 2013; Birkin and Goulson

2015; McKinley et al. 2017; Falk et al. 2019).
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Accurate species level identification is an important first step in conservation and is an essential
pre-requisite for effective conservation management decisions (Kremen et al. 2011; Le Féon et
al. 2016). Previous research has found that community scientist data, when unreviewed or
unverified by experts, can contain errors that significantly influence the interpretation of results
by experts (Gardiner et al. 2012; Comont and Ashbrook 2017). Problematic errors include the
overestimation of rare or at-risk species, as well as underestimation of common species, inflated
species richness, and significant increases in species diversity (Dickinson et al. 2010; Gardiner et

al. 2012; Silvertown et al. 2013; Comont and Ashbrook 2017; Falk et al. 2019).

Verification is part of expert assisted community science programs where experts in the field
review a submission to determine if the identification is correct or incorrect, which can increase
data quality (Gardiner et al. 2012; Le Féon et al. 2016; Comont and Ashbrook 2017; Falk et al.
2019). As such, expert assisted community science projects have a higher scientific value,
particularly for conservation management decisions (Dickinson et al. 2010; Crall et al. 2011;

Gardiner et al. 2012; Falk et al. 2019).

Bumble bees (Hymenoptera: Apidae: Bombus) are native throughout the Northern Hemisphere
and in South America with their diversity centered in temperate and mountainous regions
(Williams et al. 2014). They are important pollinators in natural and agro-ecosystems (Corbet et
al. 1991; Buchmann and Nabhan 1996). A portion of North America’s bumble bee species have
been found to be in decline in recent years (Colla and Packer 2008; Grixti et al. 2009; Cameron
et al. 2011b; IUCN Standards and Petitions Committee 2019)(see Table 5.1). There are several

factors that have been identified as drivers of bumble bee decline, including: pathogen
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transmission from managed bees, habitat loss, pesticides, interspecific competition with non-
native species, and climate change (Colla et al. 2006; Otterstatter and Thomson 2008; Cameron
et al. 2011b; Szabo et al. 2012; Goulson et al. 2015; Kerr et al. 2015; McMahon et al. 2015;
Papanikolaou et al. 2017; Cameron and Sadd 2020; Soroye et al. 2020). As Bombus is a genus of
relatively large bees, sometimes with distinct physical features, experts are often able to provide
a confident identification to species level from photos, although it does depend on the species

and angle and quality of the photo (Lye et al. 2011; Suzuki-Ohno et al. 2017; Falk et al. 2019).

The community science program, Bumble Bee Watch, was launched as a website
(www.bumblebeewatch.org) in March 2014. An iOS app (computer program for mobile devices
such as phones and tablets) was added in July 2017, and an Android app was added in July 2018.
Users (members of the public who participate in this program) submit photo observations of
bumble bees with known dates and geographic locations throughout Canada and the United
States. Users are not required to have any prior experience with or training in bumble bee
identification to participate in the program, and can range in age, ability, and location (MacPhail
et al. 2020a). Photo documentation reduces the need for traditional monitoring protocols and
equipment, including physical collection and curation of collected specimens (Silvertown 2009;
Lye et al. 2011; Lebuhn et al. 2013; Kobori et al. 2016), although photos are not always
sufficient to identify some bumble bee species due to either the photo quality or the physical
features of the specimen that need to be examined (Lye et al. 2011; Suzuki-Ohno et al. 2017,

Falk et al. 2019).
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Bumble Bee Watch is an example of expert assisted community science, where submissions
from community scientists are reviewed by an expert in the field before entry into a species
database (Gardiner et al. 2012; Le Féon et al. 2016). For Bumble Bee Watch, experts (aka
verifiers) are individuals with significant expertise in the identification of bumble bees. Verifiers
currently include some of the top bumble bee experts in North America, and all new verifiers
must be referred to and vouched for by experts known to the current administrators (e.g. RH of

the Xerces Society, SC of York University).

Community science monitoring projects benefit from accurate identifications by participants,
which reduces verification time from experts, speeding up feedback to participants and
enhancing educational value. Yet accuracy can vary amongst participants and programs.
Examining accuracy in the Bumble Bee Watch program can be useful in assessing the over-
and/or under-reporting of various bumble bee species compared to researcher collected data.
These bumble bee records are highly valuable to conservation biologists who may use data for

common species as a comparative background for looking at the status of at-risk species.

Assessing the accuracy of initial identification of both common (least concern) and at-risk
(vulnerable through extinct) bumble bee species (as determined by the IUCN (2019)) is useful
for Bumble Bee Watch to help assess the identification skill levels of participants, the need for
expert verification, and the most common species misidentifications. Overall, a high accuracy of
initial identification from users could suggest one or more of the following: 1) bumble bees are
relatively easy to identify; 2) common bumble bee species are easy to identify; 3) experts and

users make similar mistakes during identification; 4) users are taking advantage of the bumble
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bee identification materials provided by the program to have a high matching ability; 5) the
identification key on the website and smart filter on the app is intuitive and easy to use; 6) users
are experienced in bumble bee identification (e.g. enthusiasts, researchers, participants in
targeted outreach programs); and/or 7) education and outreach programs are increasing the skill
and abilities of users. Low accuracy of initial identification rates could suggest that: 1) bumble
bees are hard to identify by novices and that expert assisted community science is required; 2)
there is a need for program changes and/or additional training materials; 3) there are potential
bias(es) by users; and/or 4) photographs are not clear enough or do not provide enough detail for
verification. Accuracy of identification data can also be used to assess user interest and bias
(Dickinson et al. 2012). Therefore, understanding what influences user accuracy could aid in the

development of a long-term monitoring protocol for bumble bees in North America.

Effective long-term pollinator conservation requires collection of continuous, broad-scale data
on native pollinator communities (Grixti et al. 2009; Cameron et al. 2011b; Lebuhn et al. 2013;
Goulson et al. 2015; Hatfield et al. 2015c, e; Strange and Tripodi 2019). Conservation biologists
are dependent on accurate spatial and temporal data to determine the status and extinction risk of
bumble bee species (Rodrigues et al. 2006; Mace et al. 2008; Cardoso et al. 2011; Colla et al.
2012a; Hatfield et al. 2015a; Colla 2016; MacPhail et al. 2019). Since community science
increases the ability for long-term monitoring programs to be developed, and community science
data have recently been used to help assess many species (Howard and Davis 2009; Kremen et
al. 2011; Lye et al. 2011; United States Fish and Wildlife Service (USFWS) 2019d, 2021, 2016,
2017, 2019b, c; Suzuki-Ohno et al. 2017; Committee on the Status of Endangered Wildlife in

Canada 2018; MacPhail et al. 2019), there is potential for Bumble Bee Watch data to contribute
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to long-term monitoring and management decisions for at-risk species. Community science data
can also be used to monitor all species for trends in abundance, potentially providing an early
warning before catastrophic collapses occur, such as have been seen in several North American
bumble bees (Colla and Packer 2008; Cameron et al. 2011b; Colla et al. 2012a; Bartomeus et al.
2013; Mathiasson and Rehan 2019; Richardson et al. 2019; MacPhail et al. 2019; Cameron and

Sadd 2020).

A recent meta-analysis showed that no significant difference, a correlation greater than 0.5, or a
minimum percent agreement of 80% between community scientists and professional scientists is
considered acceptable in terms of equivalency (Aceves-Bueno et al. 2017), although this does
not take into account repercussions such as misidentification of specific species (such as those
that are rare, endangered or invasive) (Stribling et al. 2008; Austen et al. 2016). Here, we use the
reviewed database available from Bumble Bee Watch to assess the accuracy rate of data
submitted by community scientists as assessed by bumble bee experts (The Xerces Society for

Invertebrate Conservation et al. 2019).

Experts and users may have different perceptions on the ease or difficulty in identifying specific
bumble bee species. Identifying differences in these perceptions could help those conducting
outreach and training target their efforts and resources appropriately. To accomplish this, we
completed a user and expert online survey to investigate the perceived ease of identification for

each species and compared that to the actual observed accuracy in the program.
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As the users who participate in the Bumble Bee Watch program have a range of bumble bee
identification experience ranging from complete novice (majority of users) to expert (small
number of users) (MacPhail et al. 2020b), there could be user bias or influence in the percent
agreement between the user submitted name and expert verified one for some species. For
example, if one user submitted most of the data for a specific species, and they are an individual
with high identification accuracy, this could skew the percent agreement results as compared to
species with identifications contributed by users with an average skill level. The reverse could

also be true for a user with a lower than average identification accuracy.

We hypothesized 1) that there are differences in user identification accuracy among species; 2)
that the agreement (relationship) between expert and user identifications is not due to chance
alone; 3) that users have a higher accuracy of identification for common species than at-risk
species; 4) that users and experts would have different perceptions of ease of identification; and
5) that the user perception of ease of identification would match their actual observed accuracy

of identifications.

Methods

Data collection

As Bumble Bee Watch users submit photos of bumble bees, they are prompted to identify the
bumble bee using a pictorial key filtered by location with choices amongst a group of options for
various identification features (e.g. colour-pattern). Submissions are marked as pending until
they are reviewed by experts (those individuals determined by program administrators as having

significant expertise in bumble bee identification) on Bumble Bee Watch, after which they are
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marked as verified (the expert confirms the species identification or corrects it as necessary),
tentative (reviewed by an expert but uncertainty around the identification still exists) or invalid

(identified by an expert to not be Bombus).

In this study, we compared the user submitted names to the final expert verified names. All nest
and bee records were exported from Bumble Bee Watch on July 19, 2019 (The Xerces Society
for Invertebrate Conservation et al. 2019). Records marked as pending and tentative were not
included in any analyses of accuracy. Records marked as verified and invalid were included in
analyses of accuracy except where the original user submitted name was not known (the original
identification field was added to the database after its launch, and not all original identifications
could be retroactively determined), or where the verified species name was “sp” (unknown

Bombus species); in these latter two cases the records were excluded from analyses.

Percent Agreement Analyses

To determine the first measure of accuracy of user identifications, we calculated the percent
agreement (represented by Uc/Ut*100, where Uc is the total number of user submitted records
that were verified by experts as being correct and Ut is the total number of user submitted
records) for each of the expert reviewed (verified and invalid) species submitted to Bumble Bee
Watch, and averaged the individual values for an overall result. This is the same as “recorder
success” in Falk et al. (2019), “recorder accuracy” and “recorder identification ability” in

Comont and Ashbrook (2017), and “precision” in Roy et al. (2016).
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Veracity Analyses

To calculate the second measure of accuracy of user identifications, we calculated the veracity of
the user identifications (represented by Uc/E*100, where Uc is the number of correct user
submitted records and E is the total number of expert verified records) for each of the reviewed
species submitted to Bumble Bee Watch. This is the same as “recorder accuracy” in Falk et al.
(2019), which can be converted to the “miss rate” in Roy et al. (2016) if subtracted from one (i.e.

miss rate=1-recorder accuracy) (Comont and Ashbrook (2017) do not investigate this metric).

Comparing Percent Agreement and Veracity

To investigate the overall agreement between the two methods of determining user accuracy
(percent agreement and veracity), we used a Fisher’s Exact Test to compare the values calculated
for each species. We also subtracted the veracity calculation from the percent agreement to note

the difference between the two methods for each species.

User versus Expert Identifications

We also tested for significant relationships amongst the user vs expert species identifications
overall and for each species individually using Chi-Square tests. For the main analyses (all
species being considered at once), we calculated the total number of records per species for every
combination of user submitted and expert verified identification (creating a grid with expert
species names across the top row and user species names down the first column), and then
compared this observed data to the expected data (equation: row total*column total/overall total)

to see if the user and expert identifications were related.
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For the individual species comparisons, we created new “user_species_x” and
“expert_species x” columns in our data (where “species x” was replaced with each individual
species name; all species names that had been submitted or verified were included) and
populated them with a 1 or a 0 depending if that record’s user submitted name or expert
identification matched the “species x name (=1) or not (=0). These data could then be
summarized in a 2x2 table, to allow for calculations of observed versus expected for each species

to test for relatedness.

When the Chi-square test assumption of all expected values being >0 and 80% of records being
>5 were not met, Fisher’s Exact Tests were conducted to provide the significance (p) values,
except for when all species were being compared at one time, in which case the Monte Carlo

method was used to obtain an approximation of the Fisher’s Exact test.

As users might correctly identify a bumble bee simply by chance, we also calculated the Cohen’s
Kappa (K) statistic (Landis and Koch 1977; Lombard et al. 2002; McHugh 2012). Cohen’s
Kappa statistic can take into account chance agreement due to uncertainty by the raters (e.g. in
our case, agreement between users and experts even when the users are guessing) (Cohen 1960;
McHugh 2012). It involves the calculation of probability of observed agreement (i.e. true
accuracy) and probability of chance agreement. Kappa values can range from <0 (no observer
agreement) to 1 (perfect observer agreement) (Landis and Koch 1977), although McHugh (2012)
suggests that low negative values (at or close to the maximum lowest value of -1) are not
meaningful and suggest randomness or errors. While there is no specific agreement on what

each Kappa value represents, Lombard et al. (2002) and McHugh (2012) suggest that a Kappa of
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0.8 or more represents a strong or true agreement while low Kappas (e.g. under 0.6) represent a
weak agreement.

We used SPSS ver 24 (IBM Corp 2016) to conduct all statistical analyses.

Identification and reporting of at-risk species

As community scientists have previously over-reported rare or at-risk species of other taxa
(Dickinson et al. 2010; Gardiner et al. 2012; Comont and Ashbrook 2017), which would lead to a
low accuracy rate, as well as making rare species look artificially common, we assessed this for
all bumble bee species, as divided into categories based on their IUCN Red List category (IUCN

Standards and Petitions Committee 2019).

We hypothesized that over-reporting of species would result in a low percent accuracy (i.e. users
wanted to find rare species and reported observations as such but were incorrect), and thus we
expected a relationship between accuracy and IUCN rank. We used a Generalized Linear Model,
with a negative binomial distribution model and log link, followed by pair-wise mean contrast
Bonferroni-corrected post-hoc tests, to investigate the relationship between the percent
agreement and veracity values for each species (dependent variables, tested separately) and its
IUCN rank (predictor variable) (species that are considered Data Deficient were excluded).

Percent agreement and veracity values were rounded to the nearest integer for this test.

Common Misidentifications
As some bumble bee species are commonly mistaken for other species, we contrasted the names

and numbers of the actual expert verified species for every user submitted species name. We also
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contrasted the reverse: the number of user submitted species names for each expert verified
species name. This was done by plotting user submitted names against the later expert verified
names in Microsoft Excel (Microsoft Office 365) to visually compare the number of correct and

incorrect identifications.

User Bias

To evaluate the relative contribution of users, and their potential impact or bias on results (e.g
one user contributing a large majority of the records for a specific species, which, if they had
better or worse identification accuracy than most users, could affect the results), we calculated
the total, maximum, minimum, and average number of users per species, and their overall
relative contribution of records by each user to each user submitted name and expert confirmed

species. This was conducted in Microsoft Excel.

Perceived Ease of Identification

To investigate if accuracy is related to perceived ease of identification, we included a question
about the ease of identification in a larger online survey of users and experts about the value of
the Bumble Bee Watch program (as discussed in MacPhail et al. (2020b)). We recruited
participants to complete the anonymous voluntary user survey (Article C.S1) through
information provided in the January 2018 Bumble Bee Watch e-newsletter and posted on social
media. The user survey was open for 33 days. The expert survey (Article C.S2) participants were
determined by the authors: the initial list of expert participants was based on verifiers on Bumble
Bee Watch who had extensive experience in the Bombus field. Invitations were sent to 15 experts

in early 2018. Upon analysis of the initial data, to increase the sample size of expert responses,
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we approached another 17 experts (predominantly non-verifiers on Bumble Bee Watch but who
have similar levels of experience in the Bombus field) in late 2019. Respondents in this second

round of expert surveys had an identical questionnaire to the one sent out in 2018 except for the
removal of an invitation and link to complete the general user survey that had been in the initial

survey (Article C.S2).

As part of the survey, we asked respondents a question about species identification difficulty
(questions 19 and 20 in Article C.S1 [users] and questions 14 and 15 in Article C.S2 [experts]).
Species for the respondents’ given geographic area were to be ranked from 1 to 5, where 1 was
considered easy to identify and 5 was considered difficult to identify from a photograph (we did
not define the quality of the photograph in the survey). Respondents could also choose to select
n/a or skip the response for one or more species. If a respondent filled out the ease of

identification ranking section for both regions only the data for their identified region was kept.

There were 24 species included in the Eastern region (east of the Mississippi in the United
States, and east of Ontario (including Ontario) in Canada) and 34 in the Western region (west of
the Mississippi in the United States and west of Manitoba in Canada). We selected these species
based on previous Bumble Bee Watch submissions and species listed in Williams et al. (2014),
including species with overlapping colour patterns, with co-occurring species, common species,
and species of conservation interest. Although species were presented for ranking based on
geographic area, analyses were conducted independent of region, with data being pooled for each

of the 18 species found in both regions.



135

We collected the data from both surveys using Google Forms, and later exported it to Microsoft
Excel. We calculated descriptive statistics of rank responses (including n, mean, se mean,
median) for each species in Excel. Median ranks were used in analyses as they accounted for
unequal numbers of responses due to skipped species and potential outlier ranks. Mann-Whitney
U-tests were conducted in SPSS to compare the median ease of identification rank responses of
users to those of experts for each species (i.e. to see if users and experts agree on difficulty

level).

We converted the observed accuracy measures (percent agreement and veracity) to a rank
following the assumption that species considered by experts to be easy to identify should have
high identification accuracy rates, and those that are difficult to identify should have low
accuracy rates. Thus, an accuracy (percent agreement and veracity) of 0-20% was given a rank of

five, 21-40% as four, 41-60% as three, 61-80% as two, and 81-100% as one.

We then compared these two converted accuracy ranks to the median perceived ease of
identification ranks for users and experts. If the percent agreement or veracity calculated from
the Bumble Bee Watch dataset, as converted to a rank, matched the median rank value as
determined from the survey responses, it was considered a match between perceived ease of
identification and actual identification accuracy. We then tested for significant differences
between each of the user and expert median ranks as compared to the percent agreement and
accuracy rank (to see if perceptions of ease of identification were the same as observed
accuracy), for all species combined, using Chi-Square tests or, if assumptions of expected values

being >0 or 80% of values >5 were not met, Fisher’s Exact Tests.
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This survey of users and experts was approved by York University’s Faculty of Environmental
Studies (November 2017, no reference number (internal approval by Drs. Colla and Meyers))
and the data re-approved for use by York University’s Office of Research Ethics (September

2019, ref# STU 2019-097).

Results

Data collection

We obtained 22,159 reviewed bumble bee records (i.e. verified and invalid submissions to
Bumble Bee Watch with a known original user submitted name, excluding those verified as “sp”
by experts) for our analyses. After expert review, this represented 39 species and three other
species categories (two species complexes and an unknown/not a bumble bee category)

(hereafter all referred to as species) being represented in the records (Table 5.2).

Experts verified that there were 11,690 records (52.76%) that were correctly identified to species
upon initial submission by users. An additional 2,037 records (9.19%) were invalid (not a
bumble bee), while the remaining 8,432 records (38.05%) were bumble bees that had been
incorrectly identified by the user, for a total of 10,469 (47.24%) incorrect user identifications

overall.

The most commonly found species after expert review were B. impatiens Cresson, 1863 (4,205
records, 18.98% of all reviewed submissions), followed by unknown/not a bumble bee (2,037

records, 9.19%), and B. griseocollis (DeGeer, 1773) (1,520 records, 6.86%) (Table 5.2). The
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least commonly found species were B. suckleyi Greene, 1860 (1 record, 0%) B. bohemicus Seidl,

1838 (2 records, 0.01%), and B. kirbiellus Curtis, 1835 (3 records, 0.01%) (Table 5.2).

Records were submitted from all 13 Canadian provinces and territories and 49 US states
(including District of Columbia) where bumble bees are found (Hawaii does not have any
bumble bees). The numbers submitted per jurisdiction were variable, ranging from 6,147 records
in Ontario (27.74% of all records) to two records from each of West Virginia and Yukon (0.01%
of all records each) (Table C.S1). The top four jurisdictions accounted for 65.03% of all records

(Table C.S1).

A total of 342 individuals responded to the Bumble Bee Watch user survey, representing 5.4% of
all Bumble Bee Watch participants (individuals who had submitted records to the program as of
the survey close date) (MacPhail et al. 2020b). Fifteen of the 32 experts (46.9%) invited
responded to the expert survey, with 8 selecting the Eastern Region as the area they were most
familiar with and 7 selecting the Western Region. Nine of the 15 responding experts (60%) had
previously verified records on Bumble Bee Watch (MacPhail et al. 2020b). As respondents could
skip questions, the total number of respondents (both users and experts) providing their ranked

perception of ease of identification varied from two to 13 per species.

Percent Agreement Analyses
There was an average of 53.20% percent agreement (number of records correctly identified by
users compared to all user submitted records)(i.e Uc/Ut*100) across all species, with a range of 0

(B. bohemicus, B. franklini (Frison, 1921), and B. kirbiellus, with no correct user submissions) to
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100% (B. cryptarum (Fabricius, 1775), with all user submissions having the correct

identification) per species (Table 5.3).

Veracity Analyses

The average veracity rate (number of records correctly identified by users compared to all
verified records)(Uc/E*100) was 55.86%, although this varied by species, ranging from 0 (B.
bohemicus and B. kirbiellus, with no records submitted by users with the correct identification
despite two and three records verified as being present in the data per species, respectively) to
100% (B. fraternus (Smith, 1854) and B. suckleyi, with all verified records having been

submitted with the correct identification by the users) (Table 5.3).

Comparing Percent Agreement and Veracity

There was no significant difference in percent agreement as compared to veracity when looking
at all species together (Fisher’s Exact Test=19.829, df=16 p=.075). However, there were
differences noted between the two metrics for all species except for B. bohemicus and B.
kirbiellus. The results of subtracting veracity from percent agreement ranged from -62.2% (B.

cryptarum) to 98.11% (B. suckleyi) (Table 5.3).

User versus Expert Individual Species Identifications

The difference in user submitted names versus expert verified names was significant over all
species (i.e. the user and expert responses were not related) (Fisher's Exact Test=65,217.914,
df=1681, p<0.001, ¥=0.5). The user versus expert identification agreement, when investigated

for each species separately, was also significantly different for all species except for B.
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bohemicus (which had no correct original identifications by users although there were

misidentified submissions that were later verified to be B. bohemicus) (Table C.S2).

For some species, the percent agreement or veracity measures between user and expert
identifications is likely not a true agreement and due in large part to chance: for example, the
Kappa values of 0.21-0.40 suggested B. caliginosus (Frison, 1927), B. frigidus Smith, 1854, B.
insularis (Smith, 1861), and B. sylvicola Kirby, 1837 were all minimal or fair agreement (Table
C.S2). For other species, the percent agreement is more likely a true agreement between users
and experts and not just agreement due to chance: for example, 14 species all had moderate or
substantial agreement (Kappa values from 0.61-0.80). Two species, B. bohemicus and B.

kirbiellus, had 0% agreement, which is supported by Kappa values of zero (Table C.S2).

Identification and Reporting of At-risk Species

The level of rarity, according to the IUCN Red List ranking, has a significant predictive effect on
percent agreement (Wald Chi-Square=19.821, df=3, sig<0.0002). The only significant
differences were between IUCN rank 1 (Least Concern) and rank 3 (Endangered) (p=0.002), and
rank 1 and rank 4 (Critically Endangered) (p=0.002), with percent agreement values decreasing
as the IUCN rank increases (Tables C.S3, C.S4). The level of rarity also has a significant
predictive effect on veracity (Wald Chi-Square=141.320, df=3, sig<0.0001), but the opposite
effect as percent agreement. All pair-wise comparisons were significantly different (p<0.05)
except for IUCN ranks 3and 4 (p=1.00), with higher values of veracity as the IUCN rank
increases (Tables C.S3, C.S4). Table C.S4 presents the means and estimates of the marginal

means for each IUCN rank for both percent agreement and veracity.
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Common Misidentifications

The number of expert verified species names that an original user submitted name turned out to
be ranged from 32 to 1, depending on the species (Tables 5.2, C.S5). Records submitted by users
as B. fervidus (Fabricius, 1798) resulted in 32 different verified species while B. rufocinctus
Cresson, 1863 resulted in 28 different verified species. At the opposite end of the spectrum, B.
bohemicus user submitted records led to 5 different verified species, B. franklini to 2 different

verified species, and only 1 for B. cryptarum.

The number of user submitted species per verified species ranged from 32 to 0 (Table 5.2, C.S5).
The highest was B. rufocinctus (32 species as identified and submitted by users) followed by B.
impatiens (28 species submitted), and B. fervidus (27 species submitted). The lowest was B.
crotchii Cresson, 1878 (2 species submitted) followed by B. bohemicus, B. fraternus, B.
kirbielllus Curtis, 1835, and B. suckleyi (1 species submitted for each); no records were verified
as B. franklini or B. variabilis Cresson, 1872 despite user submissions as such. Additionally, 41
species had been identified and submitted by users for records that were not actually of bumble
bees (i.e. invalid records once reviewed by experts). Note that the above summaries (Table 5.2)
deal with the actual number of incorrect species names; it is not the same as the accuracy of
identification, which can be determined by evaluating the relative percent agreement and

veracity values in Table 5.3.

User Bias
The 22,159 records used in these analyses were submitted by 4,912 different users. The number

of records submitted per user ranged from 1 record to 448, with a mean of 4.5 + 0.27 records per
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person. The number of unique users per reviewed species varied, but an average of 162.9 + 34.89
people submitted records for each reviewed species (Table C.S6). This ranged from 1 user (B.
bohemicus and B. suckleyi) to 1447 users (B. impatiens). The average number of records per
reviewed species submitted per user ranged from 1 (no standard error, single observation only)
(B. kirbiellus and B. suckleyi) to 6.51 + 0.89 records (B. bifarius Cresson, 1878). The maximum
number of observations per species per user ranged from 1 (33.3% of all records of that species
for B. kirbiellus and 100% all records of that species for B. suckleyi) to 271 (6.73% of all records

for B. impatiens).

The maximum relative numbers of records submitted by one user per verified species (i.e. the
maximum contribution per person per verified species) (Table C.S6) ranged from 0.98%
(unknown, not a bumble bee) and 2.86% (B. vosnesenskii or caliginosus group) through to 100%
(B. bohemicus and B. suckleyi), with the overall contribution of 2.02% per user per species.
However, sample size effects these results; for example, there was only one user who submitted
verified records each of B. bohemicus and B. suckleyi. When at least ten users had submitted
verified records of a species, the range went from 0.98% (unknown, not a bumble bee) to a

maximum contribution per user per species of 40.0% for B. frigidus (Table C.S6).

Perceived Ease of Identification

When we compared the percent agreement and veracity ranks (Table 5.3) per species to the
median perception of ease of identification ranks (Table 5.4), we found that neither accuracy
rank was statistically different as compared to the user median perception rank (Fisher’s Exact

Test=7.562, df=8, p=0.396 and Fishers Exact Test=5.016, df=8, p=0.836, respectively). The
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percent agreement was significantly different from the expert median perception rank (Fisher’s
Exact Test=27.074, df=16, p=0.002) but the veracity was not (Fisher’s Exact Test=16.694,

df=16, p=0.239, respectively).

There was a significant difference between users’ and experts’ perceived ease of identification
(Table 5.4) for 24/40 species (60%). Users usually considered it harder to identify species than
experts, as 23/24 (95.3%) of the species with significant differences had a higher median score

given (i.e. more difficult to identify) by users than experts (Table 5.4).

Three of the 40 species (B. flavidus Eversmann, 1852, B. kirbiellus, B. variabilis) were
considered hardest by users to identify, having a median rank of 5 — Difficult, while no species
were considered easy or somewhat easy (i.e. none had a median rank of 1 or 2) to identify by
users, 8 species had a median rank of 3 — medium (Table 5.4). Three of the 40 species (B.
flavidus, B. kirbiellus, B. sandersoni Franklin, 1913) were considered hardest by experts to
identify having a median rank of 5 — Difficult, while 15/40 were given a median rank of 1- Easy

(Table 5.4).

Discussion

The accuracy of initial identification is important for determining the utility and quality of
community science-collected data (Gardiner et al. 2012). We found that records submitted by
Bumble Bee Watch community scientists have an overall percent agreement of 52.76% (range 0-
100%, average 53.20%), when comparing the number of correct user submitted records (as

determined by expert review) to the total number of user submitted records (i.e. Uc/Ut*100).
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This compares closely to the overall “recorder success” for BeeWatch at 59% (range 4-84%,
average 60%) and Blooms for Bees at 40% (range 0-100%, average 21%) (Falk et al. 2019),
“recorder accuracy” and “recorder identification ability” for BeeWatch at 59% (range 51-64%)
(Comont and Ashbrook 2017), as well as “precision” at 44% (range 0-86%) for Big Bumblebee

Discovery (Roy et al. 2016).

Our overall veracity (proportion of all verified records correctly identified by users) (i.e.
Uc/E*100) was 52.76%, (range 0-100%, average 55.86%). This compares to an overall value of
49% (range of 42-78%, average 45%) in BeeWatch and 44% (range of 0-100%, average 39%) in
Blooms for Bees (Falk et al. 2019) and 63% (range 0-83%, average 45%) in Big Bumblebee
Discovery (Roy et al. 2016) (note that Comont and Ashbrook (2017) did not investigate this
metric), suggesting that Bumble Bee Watch participants miss fewer identifications than in other

programs.

While we used two different ways of calculating accuracy, percent agreement and veracity, we
found that there was no significant difference between them over all species combined, although
there were large differences observed for some species (e.g. observers captured 97% of all
verified B. affinis Cresson, 1863 records in their submissions, although their percent agreement

of identifications was low with only 44% of their total B. affinis submissions being correct).

While the interpretation of Cohen’s Kappa statistic is not consistent across researchers, our
Kappa values do suggest that the percent agreement and veracity values calculated for a number

of species in our study should be interpreted with caution as the agreement between users and
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experts is likely a result of chance. For instance, of the 41 species we calculated the statistic for
in our study, 9 had Kappa values of less than 0.40, which is considered only a slight or fair
agreement by Landis and Koch (1977) and no or minimal agreement by McHugh (2012), and
another 17 species had values less than 0.60, which while considered a moderate agreement by
Landis and Koch (1977), is considered a weak agreement by McHugh (2012). These low values
of agreement (high involvement of chance) may be due to the small sample size observed with

some species, and/or the small number of correct observations submitted by users.

While ten of the 42 species in our analyses (B. bifarius, B. borealis Kirby, 1837, B. cryptarum,
B. huntii, B. impatiens, B. mixtus Cresson, 1878, B. perplexus Cresson, 1863, B. ternarius Say,
1837, B. vosnesenskii Radoszkowski, 1862, and B. vosnesenskii or caliginosus) were at or above
the suggested level of 80% percent agreement that would eliminate or reduce the need for expert
review (Aceves-Bueno et al. 2017), the remaining 32 species were below this level. Falk et al.
(2019) had two (of 22) species above the 80% threshold in the BeeWatch program and one (of
24) species in the Blooms for Bees programs, while Roy et al. (2016) had two (out of 5 colour
groups) above the 80% threshold for the Big Bumblebee Discovery program. It is not uncommon
for community science programs to be under the 80% threshold, as Aceves-Bueno et al. (2017)
found that only 52% of programs were at or above that value. This does, however, reinforce the
need for expert-review in our program and others that involve bumble bee identification by

community scientists.

Critically endangered and endangered species were more likely to be misidentified in our study

than species considered to be at least risk of extinction when percent agreement was evaluated,
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but the opposite trend was seen with veracity, where, except for between endangered and
critically endangered species, levels of veracity increased as risk of extinction increased,
although there was a low sample size in the higher risk of extinction levels. The low percent
agreement could be because some at-risk species are more cryptic or difficult to identify as
compared to other at-risk species and common species (i.e. uncommonness may or may not
result in difficulty in identification). There is also increasingly more guidance and education
about how to identify some rare species, and many of these species (e.g. B. affinis, B.
occidentalis Greene, 1858) are targeted in searches and programs for their conservation; while
these targeted searches may increase the total veracity by capturing more of the actual
occurrences in the initial identifications, it may also result in users misidentifying more
observations due to a desire to find the rare species or because they recognize that species name
in the list of options, therefore dropping the percent agreement (number of correct observations

compared to all submitted observations of that species).

We anticipated that experts in bumble bee biology, particularly those with extensive
identification experience, would be better able to rank the difficulty of identifying species by
photos than users, which we did not clearly see in this study. We also anticipated that species
that are perceived as easy to identify would have a higher identification accuracy. Although there
was a significantly different relationship with expert rank of ease of identification and actual
observed percent agreement of identification rates in this paper (i.e. the expert prediction did not
match the observed percent agreement), the veracity was not different from the expert perception
(i.e. the expert view was similar to the veracity observed over all records). This difference in

findings could be related to users misidentifying a number of species in their submitted
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identifications and thus skewing the percent agreement results as compared to the overall
perception of experts. There was no difference with users and observed percent agreement or
veracity, although the predicted range rarely met the observed range of percent agreement. It is
also possible that experts do not fully understand how difficult users find the identification
process and the perceptions of the two groups could be quite different and the findings only

relevant to that specific group.

Experts generally ranked species as easier to identify than users. This may be because experts
have a lot more experience and training, look for features that users do not, and know more
‘exceptions’ to the typical or standard appearance, and thus have less confusion or hesitation
over identifications than users may have. The respondents to the user survey were not entirely
representative of contributors to Bumble Bee Watch overall, with the respondents tending to
submit more records than users overall (MacPhail et al. 2020a). It is possible that the rankings
would be different than that given by a truly representative sample of contributors, particularly
those who only submitted one record. However, many users may not actually know enough to be
willing to offer a ranking; in our user survey, the number of respondents who ranked a species
ranged from 39 to 209 respondents per species out of the 342 respondents in total. Similarly, a
low number of experts contributed to ranks of some species in the expert survey, ranging from 2
to 13 respondents per species out of 15 total respondents. It is possible that if a larger sample of
both users and experts were obtained, results closer to observed may be obtained. Additionally,
no photographs or illustrations were provided for the species in the survey, so users may have
had difficulty assigning a rank as they were unsure what that bee looked like; future

investigations should provide standardized photos or illustrations (e.g. colour pattern guides as
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used in Williams et al. (2014)). In the future, experts could be specifically asked their
perceptions on how easy or hard it is for the average user to identify the species, rather than their

own perceptions.

The range in numbers of user submitted names per expert assigned species, and vice versa, was
extensive. Mimicry and cryptic coloration patterns may cause greater difficulty in accurate
species identification than species with consistent patterns. Identification guides do show the
variations present in some species, with B. rufocinctus being the most diverse (Williams et al.
2014). Additionally, some species may have had more incorrect species names because they are
a wide-ranging species and thus more potential for confusion with other co-occurring species in

different parts of its range. These are two areas that could be investigated further.

As noted above, some species can be hard to identify, with specific photo angles needed to
showcase identifying characteristics, and/or with characteristics best seen under a microscope
using a physical specimen. In some cases, experts may still be able to identify the specific
species without a microscope using just the photos provided, often based on gestalt or intuition
built on past experience; this may also explain why experts in our study perceived similar-
looking species (e.g. B. sandersoni and B. vagans Smith, 1854) as being at different levels of

identification difficulty (levels 5 and 3, respectively).

Bumble Bee Watch uses two species complexes or groups to help in situations when the
observation can be narrowed down to one of a few similar-looking species, but confirmation of

the exact species cannot be made. These include B. vagans, B. sandersoni, and B. perplexus (the
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two-striped group) and B. vosnesenskii and B. caliginosus (the yellow-faced group). When the
percent agreement is calculated with the allowance that any of the user-submitted species is
correct if it is verified as being either that species or one of the species in the associated complex,
the percent agreement increases, sometimes drastically, as compared to strictly considering the

single species in isolation.

For example, of the 516 records that had been submitted as B. vagans, 333 were verified as either
being B. vagans, B. sandersoni, B. perplexus, or part of the complex, leading to a potential
64.53% percent agreement if any of those responses were to be considered correct, as compared
to original comparison of 239 being verified as B. vagans alone (46.32% percent agreement). For
B. sandersoni, the percent agreement increases to 38.58% from the original 3.15% with the extra
allowance, and for B. perplexus, 86.44% from the original 83.02%. Similarly, for B.
vosnesenskii, the percent agreement increases to 96.20% from 79.95% if you include all records
verified as B. vosnesenskii, B. caliginosus, or the complex, and for B. caliginosus, 95.26% from
18.53%. This suggests that, at least for some hard to identify species, users may not be as
“wrong” or inaccurate as the main calculation shows (i.e. they were “close” to the correct

identification), an additional area for consideration.

The Bumble Bee Watch platform has a system of checks in place that only allow for species
known to be in that provincial/territorial/state jurisdiction to be entered, reducing the number of
potential incorrect species options for species. While the program’s interactive identification key

and filter also allow for greater accuracy, it also introduces a potential source of error related to
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the identification of male specimens: males do not always follow the same colour patterns as

females, but the program’s keys and filters focus solely on the female patterns.

To increase the percent agreement and veracity of community science-collected data,
professional scientists may install quality control and assurance methods (Freitag et al. 2016;
Kosmala et al. 2016; Aceves-Bueno et al. 2017). Bumble Bee Watch could update its various
existing filters and checkpoints, or what have also been referred to as “automated error checking
capabilities” (Crall et al. 2011), or “smart filter” systems (Freitag et al. 2016), throughout the
identification key for at-risk species, males of species that differ in appearance from the females,
and for other species that are frequently misidentified. A similar validation method is used by
Project FeederWatch, a community science program where a system of semi-automated, novel
filters for each US state or Canadian province and territory dictates the submission of records by
users (Bonter and Cooper 2012). The Project FeederWatch program uses historical data to help
detect potential errors in bird identification, for example, records submitted in locations outside
of known ranges (Bonter and Cooper 2012). This system had an initial accuracy of 97.7% by
participants over three consecutive years (Bonter and Cooper 2012). Bumble Bee Watch
currently has a data validation pathway during identification to restrict based on range, but could
add in prompts with tips and checks to help users become aware of potential mimics and to

discern the differences in the frequently misidentified species.

For our analyses, we removed records that could not be determined to species by experts; this
was often due to the submission of poor-quality photos or photos missing key features/angles

needed for identification. It is possible that these unknown bumble bee species had in fact been
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correctly identified by the user but the records were not verifiable. To increase the amount of
verifiable records, additional fact sheets and tutorials can be provided. When users have a better
understanding of the specific features needed for identification of each bumble bee species, they
can take photos that allow for easier and more accurate expert identifications (Suzuki-Ohno et al.
2017). Continued participation in the program could also have users increase their accuracy,
particularly when they have previously submitted less than ten records (Aceves-Bueno et al.
2017; Falk et al. 2019). Supporting the user experience would increase retention and

participation rates, which would improve the dataset.

While observer bias could influence percent agreement, particularly when the number of
observers and/or the number of records are small, it is unlikely to be a problem in our study for
most species. The vast majority of the 4,912 users only submitted one or two photos, and their
overall contribution was also low per species. There are a few exceptions where observer bias
would likely play a role, such as for B. bohemicus and B. suckleyi as only 1 user submitted
verified records of each, as well as B. kirbiellus with 3 users and B. crotchii with 5 users. While
B. frigidus had 12 users who submitted verified records, the most frequent user had submitted
40% of the records, which could influence the accuracy if they were a high or low skill level for

identification.

An assumption behind Cohen’s Kappa is each observer (in our case users and experts)
independently classify their observations. From an analysis of our data (not presented in the
text), 673 of the 22159 total reviewed records (3.04%) were self-verified (i.e. submitted by and

reviewed by the same individual), which would violate the assumption. However, since it is such
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a small value, and the verifications do not usually occur at the same time as the original

submissions, we do not believe it would cause an impact on the analyses.

A current challenge with the Bumble Bee Watch program, and one other bumble bee community
science programs face (Comont and Ashbrook 2017; Falk et al. 2019), is the delay that may exist
in the time it takes a record to be reviewed by an expert and the user receiving confirmation of
the identification; this was noted as one of the most common drawbacks to the program in a
recent user survey (MacPhail et al. 2020a). While each record currently is reviewed by experts
regardless as to its probable accuracy, the current structure of the verification side of the database
allows for accurate identifications to be reviewed and generalized feedback (often just a brief
thank you) to be given much faster than when the identification needs to be changed or
personalized feedback given (although currently even the generalized feedback needs to be
expert generated versus automatically generated as is the case with BeeWatch (Falk et al. 2019)).
Increasing the initial user accuracy on Bumble Bee Watch therefore means record validation may
proceed more quickly and efficiently, as experts would spend less time correcting an
identification and providing feedback to participants about why the identification is wrong, and
more time processing submissions, thus providing a faster turnaround time from the time a
participant submits a record to the time they get a confirmation. If the percent agreement for a
species is reliably high, over time it may be possible for experts to skip the review process for
those records and/or verify a sub-sample only, thus further freeing up resources to focus on the

more commonly misidentified species.
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An assumption of Bumble Bee Watch is that the expert reviewers are always “correct”.
However, experts are not always correct or consistent (e.g. (Stribling et al. 2008; Austen et al.
2016, 2018; Kosmala et al. 2016; Suzuki-Ohno et al. 2017)). Misidentifications may have little
impact but could have serious repercussions, particularly related to noting species declines,
conserving endangered species, tracking invasive or harmful species, and other related
environmental protections and conservation activities (Stribling et al. 2008; Austen et al. 2016).
It is therefore important to make sure taxonomic identifications are validated (Packer et al.
2018). More investigations into the accuracy and consistency of expert identifications of bumble
bees, particularly from field photos, should be conducted, and additional quality control

procedures implemented in the Bumble Bee Watch database.

The Bumble Bee Watch program has thus far recorded 39 unique species from across North
America. There are 46 species listed as being found in North America by Williams et al. (2014):
the missing ones include B. distinguendus Morawitz, 1869, B. franklini, B. hyperboreus
Schoénherr, 1809, B. jonellus, B. neoboreus Sladen, 1919, B. polaris Curtis, 1835, and B.
variabilis. It is not surprising that these species are missing. Bombus franklini is suspected to be
extinct, previously occupying an extremely narrow range in southern Oregon to northern
California (Williams et al. 2014). Bombus variabilis is one of the rarest bumble bees in North
America and has been extremely infrequently seen (Williams et al. 2014). All the other missing
species are only found in the tundra/taiga in the far north (Williams et al. 2014), where there are
few humans let alone participants with the Bumble Bee Watch program. That said, there may be
records of these species still awaiting review on Bumble Bee Watch, or that have previously

been verified as an unknown bumble bee species, as these species are frequently difficult to
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identify, particularly from photos. We have already encountered a few photos from the far north
that we cannot comfortably identify: in some cases a tentative identification was discussed in the
comments (e.g. bee record 3547 is a tentative B. hyperboreus and bee record 4922 is a tentative
B. polaris) while others were generally identified simply as “sp” (e.g. bee records 15468, 15540).
The encouragement and allowance of more photos or videos to be submitted per record (the
current maximum is 3 photos), and the additional guidance of best features to photograph per
species, may allow further identifications to occur in the future. Users submitting images of these
potential species could also be contacted in order to obtain more photos and/or physical

specimens for confident identifications to be made.

Bumble Bee Watch data has already been shown to add important information for species
conservation status assessments. A next step is comparing user and expert collected data to see if
they show the same trends for more species; if this is the case, then community scientists may be
capturing an accurate representation of the wild bumble bee community, which are essential
baseline data for conservation purposes. Examining accuracy can also lead to increased
understanding of participants’ motivations, for example if submissions of a species (and related
misidentifications) peak in correlation to federal listing activity, or relatedly, if at-risk species are
reported more frequently than are found. There were 45 provinces/territories/states with less than
100 records submitted and reviewed in this data set (Table C.S1). Promotion of the program in
jurisdictions with low participation, particularly in the areas with less than 5 records as of the
date of our data export (Alaska, District of Columbia, Rhode Island, South Dakota, West

Virginia, and the Yukon) can also help to increase the coverage and value of the program.
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Conclusion

The goal of Bumble Bee Watch is to track and conserve the bumble bees of North America. It
has been successful in collecting tens of thousands of species records over broad temporal and
geographic scales, including records of at-risk species, and the data has already fed into status
assessments and other conservation tools and actions. With an urgency in the lack of local and
global pollinator species data available (Potts et al. 2010), projects such as Bumble Bee Watch
are filling a time-sensitive gap. For community science programs to produce scientifically
rigorous data for conservation policy and management, data must undergo quality assurance
protocols. Our work found that for Bumble Bee Watch, the accuracy of user identification varies
greatly depending on the species, and expert review is needed for most records, but at-risk

species are not always over-reported as compared to common ones.

Work to increase the accuracy of species identification in community science may benefit the
users, experts, and project overall. Further investigations into the trends and causes of overall
initial accuracy is needed. New educational materials and various checkpoints in the pathways to
identification should be developed to assist in identification: this could speed up or potentially
even eliminate the need for expert review for at least some species, and help users increase their

knowledge and identification skills.

Future research may also focus on examining the connection between government activity and/or
media attention (e.g. listing of a species as endangered, regional program spotlights) and
increases in community scientist participation. Relatedly, it is also important to determine how

best to recruit and maintain the interest of a diverse group of users from across North America, to



155

ensure the Bumble Bee Watch program increases its capacity to capture a detailed picture of our

bumble bees.

Tables

Table 5.1. The common and scientific names and taxonomic authorities for the 46 species of

bumble bees (Bombus spp.) found in North America (from (Williams et al. 2014)), as well as

their IUCN Red List extinction risk status for their North American range as per a July 30, 2019

export (IUCN 2019). IUCN status abbreviations are as follows: DD — Data Deficient; LC — Least

Concern; VU — Vulnerable; EN — Endangered; CR — Critically Endangered.

Genus  Species Authority Common Name IUCN
Status
Bombus affinis Cresson, 1863 Rusty-Patched Bumble Bee CR
Bombus appositus Cresson, 1878 White-Shouldered Bumble Bee LC
Bombus auricomus (Robertson, 1903) Black and Gold Bumble bee LC
Bombus bifarius Cresson, 1878 Two Form Bumble Bee LC
Bombus bimaculatus  Cresson, 1863 Two-spotted Bumble Bee LC
Bombus bohemicus Seidl, 1838 Ashton Cuckoo Bumble Bee DD
Bombus borealis Kirby, 1837 Northern Amber Bumble Bee LC
Bombus caliginosus (Frison, 1927) Obscure Bumble Bee VU
Bombus centralis Cresson, 1864 Central Bumble Bee LC
Bombus citrinus (Smith, 1854) Lemon Cuckoo Bumble Bee LC
Bombus crotchii Cresson, 1878 Crotch Bumble Bee EN
Bombus cryptarum (Fabricius, 1775) Cryptic Bumble Bee DD
Bombus distinguendus Morawitz, 1869 Northern Yellow Bumble Bee DD
Bombus fervidus (Fabricius, 1798) Yellow Bumble Bee VU
Bombus flavidus Eversmann, 1852 Fernald Cuckoo Bumble Bee DD
Bombus flavifrons Cresson, 1963 Yellow Head Bumble Bee LC
Bombus franklini (Frison, 1921) Franklin Bumble Bee CR
Bombus fraternus (Smith, 1854) Southern Plains Bumble Bee EN
Bombus frigidus Smith, 1854 Frigid Bumble Bee LC
Bombus griseocollis (DeGeer, 1773) Brown-belted Bumble Bee LC
Bombus huntii Greene, 1860 Hunt Bumble Bee LC
Bombus hyperboreus  Schonherr, 1809 High Arctic Bumble Bee DD
Bombus impatiens Cresson, 1863 Common Eastern Bumble Bee LC




156

Genus  Species Authority Common Name IUCN
Status

Bombus insularis (Smith, 1861) Indiscriminate Cuckoo Bumble LC

Bee
Bombus jonellus (Kirby, 1802) White Tail Bumble Bee DD
Bombus  kirbiellus Curtis, 1835 High Country Bumble Bee (B. DD

balteatus Dahlbom, 1832 in

Williams et al. 2014)
Bombus melanopygus  Nylander, 1848 Black Tail Bumble Bee LC
Bombus mixtus Cresson, 1878 Fuzzy-horned Bumble Bee LC
Bombus morrisoni Cresson, 1878 Morrison Bumble Bee VU
Bombus neoboreus Sladen, 1919 Active bumble bee DD
Bombus nevadensis Cresson, 1874 Nevada Bumble Bee LC
Bombus occidentalis Greene, 1858 Western Bumble Bee VU
Bombus pensylvanicus (DeGeer, 1773) American Bumble Bee VU
Bombus perplexus Cresson, 1863 Confusing Bumble Bee LC
Bombus polaris Curtis, 1835 Polar Bumble Bee DD
Bombus rufocinctus Cresson, 1863 Red-belted Bumble Bee LC
Bombus sandersoni Franklin, 1913 Sanderson Bumble Bee LC
Bombus sitkensis Nylander, 1848 Sitka bumble bee LC
Bombus suckleyi Greene, 1860 Suckley Cuckoo Bumble Bee CR
Bombus sylvicola Kirby, 1837 Forest Bumble Bee LC
Bombus ternarius Say, 1837 Tri-colored Bumble Bee LC
Bombus terricola Kirby, 1837 Yellow-banded Bumble Bee VU
Bombus vagans Smith, 1854 Half-black Bumble Bee LC
Bombus vandykei (Frison, 1927) Van Dyke Bumble Bee LC
Bombus variabilis Cresson, 1872 Variable Cuckoo Bumble Bee CR
Bombus vosnesenskii ~ Radoszkowski, 1862 Vosnesensky Bumble Bee LC
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Table 5.2. The number and relative abundance of the bumble bee species records reviewed by
experts and identified to a specific Bombus species or category, as well as the number of species
names that were originally submitted by users for each expert-reviewed species name (i.e. for
every species that was verified or marked invalid by experts, what those records were actually
submitted as), and the total number of species that each original user-submitted species
identification was later identified by experts to be. Note that Bombus bohemicus was not
correctly identified by any users so the count of one original species identification per verified
species is not including an accurate submission. Records verified as “sp” (unknown Bombus)

were excluded from our data set.

Bombus Total # Relative # Original Species  # Verified Species
Species Reviewed  Abundance  Names Submitted Names for each
Records of Reviewed by Users per User-Submitted
Records (%) Reviewed Species  Species Name

affinis 345 1.56 3 12
appositus 198 0.89 13 16
auricomus 105 0.47 10 16
bifarius 1387 6.26 19 22
bimaculatus 1340 6.05 21 9
bohemicus 2 0.01 1 5
borealis 328 1.48 14 9
caliginosus 60 0.27 5 9
centralis 476 2.15 14 9
citrinus 94 0.42 16 10
crotchii 9 0.04 2 10
cryptarum 107 0.48 7 1
fervidus 563 2.54 27 32
flavidus 125 0.56 14 8
flavifrons 919 4.15 26 18
franklini 0 0.00 0 2
fraternus 20 0.09 1 9
frigidus 20 0.09 6 8
griseocollis 1520 6.86 22 17
huntii 659 2.97 15 11
impatiens 4205 18.98 28 18
insularis 240 1.08 16 19




Bombus Total # Relative # Original Species  # Verified Species
Species Reviewed  Abundance  Names Submitted Names for each
Records of Reviewed by Users per User-Submitted
Records (%) Reviewed Species  Species Name
kirbiellus 3 0.01 1 23
melanopygus 599 2.70 18 23
mixtus 731 3.30 21 13
morrisoni 46 0.21 6 10
nevadensis 442 1.99 13 20
occidentalis 242 1.09 7 19
pensylvanicus 93 0.42 10 13
perplexus 297 1.34 16 10
rufocinctus 937 4.23 32 28
sandersoni 21 0.09 7 13
sitkensis 113 0.51 11 6
sp. n/a n/a n/a 37
suckleyi 1 0.00 1 14
sylvicola 46 0.21 7 17
ternarius 1154 5.21 17 11
terricola 279 1.26 12 20
Unknown 2037 9.19 41 n/a
(non-Bombus)
vagans 539 2.43 21 14
vagans, 292 1.32 18 n/a
sandersoni or
perplexus
vandykei 69 0.31 12 7
variabilis 0 0.00 0 6
vosnesenskii 1112 5.02 15 9
vosnesenskii or 384 1.73 18 1
caliginosus
Grand Total 22159 100.00 42 43

158
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Table 5.3. A comparison of the number of records per species submitted by users to the Bumble Bee Watch citizen science program
(Ut), the number that were correctly identified by users according to experts (Uc), the percent agreement (Uc/Ut*100) and percent
agreement rank between users and experts, the total number of verified records per species overall (E), the veracity (Uc/E*100) and
veracity rank between users and experts, as well as the difference between percent agreement and veracity measures. The percent
agreement and veracity ranks were calculated as follows: 1: 81-100%; 2: 61-80%); 3: 41-60%; 4: 21-40%; 5: 0-20%. Species or species
equivalents (e.g. non-Bombus observations) that were not available for selection by users were not included in analyses of percent
agreement or veracity. Bombus variabilis and B. franklini were removed from analyses involving veracity there were no verified
records in the dataset. Observations submitted by users as unidentified Bombus sp. were removed from the original dataset but experts

could later identify other submissions as Bombus sp.

Bombus # Correct # Total Percent Percent # Total Percent Veracity Difference
species User- User- Agreement  Agreement Expert- Veracity Rank b/w
Submissions  Submissions  (Uc/Ut*100) Rank Verified (Uc/E* 100) Percent
(Uc) (Ut) Records Agreement,
(E) Veracity
affinis 333 762 43.70 3 345 96.52 1 52.82
appositus 138 176 78.41 2 198 69.70 2 -8.71
auricomus 72 189 38.10 4 105 68.57 2 30.48
bifarius 985 1228 80.21 2 1387 71.02 2 -9.20
bimaculatus 800 1166 68.61 2 1340 59.70 3 -8.91
bohemicus 0 27 0.00 5 2 0.00 5 0.00
borealis 191 220 86.82 1 328 58.23 3 -28.59
caliginosus 43 232 18.53 5 60 71.67 2 53.13
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Bombus # Correct # Total Percent Percent # Total Percent Veracity Difference
species User- User- Agreement  Agreement Expert- Veracity Rank b/w
Submissions  Submissions  (Uc/Ut*100) Rank Verified (Uc/E* 100) Percent
(Uc) (Ut) Records Agreement,
(E) Veracity
centralis 291 381 76.38 2 476 61.13 2 -15.24
citrinus 43 100 43.00 3 94 45.74 3 2.74
crotchii 8 19 42.11 3 9 88.89 1 46.78
cryptarum 40 40 100.00 1 107 37.38 4 -62.62
fervidus 368 643 57.23 3 563 65.36 2 8.13
flavidus 57 87 65.52 2 125 45.60 3 -19.92
flavifrons 461 656 70.27 2 919 50.16 3 -20.11
franklini 0 5 0.00 5 0 n/a n/a n/a
fraternus 20 44 45.45 3 20 100.00 1 54.55
frigidus 14 55 25.45 4 20 70.00 2 44.55
griseocollis 921 1283 71.78 2 1520 60.59 2 -11.19
huntii 446 531 83.99 1 659 67.68 2 -16.31
impatiens 2539 2994 84.80 1 4205 60.38 3 -24.42
insularis 75 216 34.72 4 240 31.25 4 -3.47
kirbiellus 0 134 0.00 5 3 0.00 5 0.00
melanopygus 309 517 59.77 3 599 51.59 3 -8.18
mixtus 437 491 89.00 1 731 59.78 3 -29.22
morrisoni 32 60 53.33 3 46 69.57 2 16.23
nevadensis 333 457 72.87 2 442 75.34 2 2.47
occidentalis 218 372 58.60 3 242 90.08 1 31.48
pensylvanicu
S 45 124 36.29 4 93 48.39 3 12.10
perplexus 98 118 83.05 1 297 33.00 4 -50.05
rufocinctus 422 906 46.58 3 937 45.04 3 -1.54
sandersoni 4 127 3.15 5 21 19.05 5 15.90
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Bombus # Correct # Total Percent Percent # Total Percent Veracity Difference
species User- User- Agreement  Agreement Expert- Veracity Rank b/w
Submissions  Submissions  (Uc/Ut*100) Rank Verified (Uc/E* 100) Percent
(Uc) (Ut) Records Agreement,
(E) Veracity
sitkensis 38 67 56.72 3 113 33.63 4 -23.09
sp. n/a 4876 n/a n/a n/a n/a n/a n/a
suckleyi 1 53 1.89 5 1 100.00 1 98.11
sylvicola 24 170 14.12 5 46 52.17 3 38.06
ternarius 727 791 91.91 1 1154 63.00 2 -28.91
terricola 198 268 73.88 2 279 70.97 2 -2.91
Unknown
(Non-
Bombus) n/a n/a n/a n/a 2037 n/a n/a n/a
vagans 239 516 46.32 3 539 44.34 3 -1.98
vagans,
sandersoni
or perplexus n/a n/a n/a n/a 292 n/a n/a n/a
vandykei 25 48 52.08 3 69 36.23 4 -15.85
variabilis 0 141 0.00 5 0 n/a n/a n/a
vosnesenskii 694 868 79.95 2 1112 62.41 2 -17.54
vosnesenskii
or
caliginosus 1 1 100.00 1 384 0.26 5 -99.74
Total 11690 22159 52.76 3 22159 52.76 3 0.00
Average 278.33 515.33 53.20 2.86 503.61 55.86 2.73 0.00
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Table 5.4. Comparison of the rankings of perception of ease of identification between users and experts in the Bumble Bee Watch
survey. Species that occurred in both the Eastern and Western regions of the surveys had their responses combined. A median
response of 1 indicated respondents perceived the species to be easy to identify, with the range extending to 5, which was for species
perceived to be difficult to identify. M-W U stat = Mann-Whitney U-test Statistic, p-value = Exact Significance (2-tailed), Sig? =
significant difference between users and experts?, n = number of respondents, perceived harder? = who (user or expert) perceived the

species identification to be hardest?

Species o o = =3 o g g S 2 o, Q Q oy =
(part 1) = b= = o 3 > = = S = o <L S S
p = @ = = =3 3 <. =

=) (@} o -~ D @D (@) = S (@) —
> @, c Q 3 = = o =5 D = Q
7 = o c c = > = c = = c [
c 3 w = 3 wn o - n - c » n

] c ) = 2. @ 3

w E wn (%2}
w

M-W U 176.5 42 905 58.5 160.5 6335 279 99 76 393 305 35 403.5 2815
stat

p-value 0.003 0.001 0437 0.005 0.001 0.058 0 0.139 0.02 0.001 O 0054 0 0.899
Sig? yes yes no yes yes no yes no yes yes yes no yes no
perceived user user n/a user user n/a user n/a user user user n/a user n/a

harder?
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Species = = = = Q = =1 S =. 3 3 3
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M-W U 116 23 64 438 289 572.5 665.5 34 48 63 68.5 93
stat
p-value 0.079 0.006 O 0.032 0 0 0.127 0.063 0.456  0.007 0.073 0
Sig? no yes yes yes yes yes no no no yes no yes
perceived n/a user user user user user n/a n/a n/a user n/a user
harder?
expert n 6 4 9 10 12 13 12 4 2 6 5 8
expert 2 2 1 3 1 1 4 2 5 2 1 1
median
expert 2.3 2.0 1.4 3.4 1.2 1.3 3.4 2.3 5.0 2.0 2.2 1.8
mean
expertse 0.6 0.6 0.3 0.4 0.2 0.2 0.5 0.8 0.0 0.4 0.7 0.4
mean
user n 66 46 134 142 200 209 147 39 84 56 54 132
user 4 4 4 4 4 3 4 4 5 4 4 4
median
user mean 3.4 3.6 4.0 4.1 3.2 2.7 4.2 3.6 4.3 3.4 3.6 4.0
user se 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1

mean
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M-WU 2755 68 874.5 4475 10925 468 84 525 349 385 891. 153 96 74
stat 5
p-value  0.001 0.011 0.306 0.004 0.612 0.013 027 0.04 O 0 0.59 0.465 0.118 0.022
9 1
Sig? yes yes no yes no yes no yes  yes yes no no no yes
perceive  user  user n/a user n/a expert n/a user user user nla n/a n/a user
d harder?
expertn 10 6 12 11 13 11 5 5 12 7 11 4 6 6
expert 2 1 3 3 4 5 4 3 1 1 3 4 3 1
median
expert 2.2 1.7 3.1 2.6 3.4 4.7 36 30 1.3 1.0 33 3.5 2.7 1.7
mean
expertse 0.4 0.4 0.4 0.5 0.4 0.2 0.2 0.0 0.2 00 05 1.0 0.6 0.4
mean
user n 138 59 176 159 183 146 48 46 179 120 179 97 50 55
user 4 3 4 4 4 4 4 4 3 4 4 5 4 3
median
user 3.8 3.1 3.5 4.1 3.7 4.1 40 37 3.2 36 36 43 3.5 3.0
mean
user se 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 01 01 01 0.1 0.2

mean
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Abstract

Bumble Bee Watch is a community science program where participants submit photos of bumble
bees from across Canada and the United States for expert verification. The data can be used to
help better understand bumble bee biology and aid in their conservation. Yet for community
science programs like this to be successful and sustainable, it is important to understand the
participant demographics, what motivates them, and the outcomes of their participation, as well
as areas that are working well or could be improved. It is also important to understand who

verifies the submissions, who uses the data and their views on the program.

Of the surveyed users, most participate to contribute to scientific data collection (88%), because
of a worry about bees and a desire to help save them (80%), to learn more about species in their
property (63%) or region (56%), and because of a personal interest (59%). About 77% report
increased awareness of species diversity, while 84% report improvement in their identification
skills. We found that 81% had at least one college or university degree. There were more

respondents from suburban and rural areas than urban areas, but area did not affect numbers of
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submissions. While half were between 45 and 64 years of age, age did not influence motivation
or number of submissions. Respondents were happy with the program, particularly the website
resources, the contribution to knowledge and conservation efforts, the educational values, and
the ability to get identifications. Areas for improvement included app and website functionality,
faster and more detailed feedback, localized resources, and more communication. Most
respondents participate rarely and have submitted fewer than ten records, although about five
percent are super users who participate often and submit more than fifty records. Suggested
improvements to the program may increase this participation rate. Indeed, increased recruitment
and retention of users in general is important, and advertising should promote the outcomes of

participation.

Fifteen experts responded to a separate survey and were favorable of the program although there
were suggestions on how to improve the verification process and the quality of the submitted
data. Suggested research questions that could be asked or answered from the data included
filling knowledge gaps (species diversity, ranges, habitat, phenology, floral associations, etc.),
supporting species status assessments, effecting policy and legislation, encouraging habitat
restoration and management efforts, and guiding further research. However, only about half

have used data from the project to date.

Further promotion of Bumble Bee Watch and community science programs in general should
occur amongst academia, conservationists, policy makers, and the general public. This would
help to increase the number and scope of submissions, knowledge of these species, interest in

conserving them, and the overall program impact.
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Introduction

Community science, which is also commonly known as citizen science, is a fast-growing field
where participants commonly collect and/or analyse data as part of a scientific study, often
overseen by professional scientists (Silvertown 2009; Griffin Burns and Harasimowicz 2012;
Miller-Rushing et al. 2012; Birkin and Goulson 2015). These projects can deliver baseline or
monitoring data, answer research questions, provide skills training and specific knowledge,
increase stewardship and awareness, and influence conservation actions and policies (Bonney et
al. 2009b; Wiggins and Crowston 2011; Conrad and Hilchey 2011; Griffin Burns and
Harasimowicz 2012; Newman et al. 2012; Danielson et al. 2014; Follett and Strezov 2015;
Jordan et al. 2016; Thomas 2016; Le Féon et al. 2016; Acorn 2017). While the majority of
community science projects involve a biological topic, other examples exist ranging from other
sciences (e.g. astronomy, atmospheric sciences) to traditional ecological knowledge, model
building, monitoring traffic, medical fields, and informational sciences (Wiggins and Crowston
2011; Shirk et al. 2012; Follett and Strezov 2015). Yet the need to create community science

frameworks that are successful and sustainable is consistent across all types of projects.

An important part of any successful community science project is an understanding of who the
participants are, their reasons for participating, and how their experiences have been to date
(Bonney et al. 2009a, b; Silvertown 2009; Van Den Berg et al. 2009). Community science
volunteers, particularly those in nature-focused programs, participate for many reasons, such as
to learn more about the world around them (Bonter et al. 2012; Griffin Burns and Harasimowicz
2012; Shirk et al. 2012; Trautmann et al. 2012; Russell 2014; van der Wal et al. 2015), to

contribute to our overall body of knowledge (Dickinson and Bonney 2012; Griffin Burns and
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Harasimowicz 2012; Shirk et al. 2012; Trautmann et al. 2012; Russell 2014), to aid in
conservation efforts (Shirk et al. 2012; van der Wal et al. 2015), to increase personal skills and
abilities (Bell et al. 2008; Bonter et al. 2012; Dickinson and Bonney 2012; Shirk et al. 2012; van
der Wal et al. 2015), and/or to simply spend time in nature or with like-minded people (Bell et al.
2008). Individuals who have participated in nature-related projects often participate in other
nature-related activities (Federal Provincial and Territorial Governments of Canada 2014), and
many community scientists have knowledge or skills in the area they volunteer in (Bell et al.
2008; Bonter et al. 2012; Cooper et al. 2012; Hames et al. 2012; Miller-Rushing et al. 2012;
Shirk et al. 2012). While anyone can be a community scientist, participants tend to be highly
educated, white, female, and late middle aged through the early senior years (Bonter et al. 2012;
Purcell et al. 2012; Toomey and Domroese 2013). They tend to participate infrequently,
submitting few records per person (Worthington et al. 2012; Silvertown et al. 2013, 2015;

Kelling et al. 2015b; Domroese and Johnson 2017).

There are often spatial biases in community science programs with more data coming from
heavily human populated areas than less populated areas (Cooper et al. 2012; van der Wal et al.
2015) as there are more potential participants there and it may be easier for them to participate
close to their homes (Davies et al. 2011; van der Wal et al. 2015), although there are exceptions
(Cooper et al. 2012). As well, while individuals may have strong conservation views regardless
of where they live (Lutz et al. 1999), some studies have found that urban dwellers may have
stronger environmental and conservation views (Berenguer et al. 2005; Olive 2014, 2015).
Different regions and audiences also may need different approaches to outreach and education

(Bubela et al. 2009; Nisbet and Scheufele 2009; Chu et al. 2012).
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Bumble Bee Watch is a community science program run across Canada and the United States in
collaboration by the Xerces Society for Invertebrate Conservation, York University, Wildlife
Preservation Canada, and other organizations. It collects information on bumble bee (Bombus
spp.: Apidae) species phenology, distribution, and more, with the goal to use these data to help
conserve at-risk bumblebees. It was launched in 2014 with a web-based platform
(www.bumblebeewatch.org), with mobile applications for iOS and Android launched in 2017
and 2018 respectively. Based on the idea that bumble bees may, in many cases, be identifiable to
species from photographs (Lye et al. 2011; Suzuki-Ohno et al. 2017; Falk et al. 2019),
participants take photos of bumble bees and submit through the web or app, along with a date
observed and location information. They have the option to use an interactive key or smart filter
to assign species name (pre-limited by location), and regional experts verify the identifications.
The website also includes resources for the general public and conservationists, including an
increasing photo gallery of verified species images, and allows individuals to view data for

species, months, areas, and/or to request data for specific project needs.

We wanted to compare metrics on the Bumble Bee Watch program participants, including their
knowledge about bumble bees, experience with bumble bee identification, and general feedback,
in order to compare it to other community science programs. While Bumble Bee Watch data are
currently being used by researchers, such as for species conservation assessments (Szymanski et
al. 2016; Committee on the Status of Endangered Wildlife in Canada 2018; MacPhail et al. 2019)
and regional checklists (Gibbs et al. 2017), we also wanted to know how experts in the field of
bumble bee biology and conservation perceive the program, including their experiences with

verifying data for the program and actual or potential uses of the data. With over a quarter of our
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North American bumble bees in decline (IUCN Red List of Threatened Species 2019), and

continuing stressors identified (Cameron and Sadd 2020; Soroye et al. 2020), this program has

the potential to help contribute data for conservation efforts. However, not all community

science programs are successful, failing or being shut down due to a variety of reasons, from

poor study design to a lack of funding (Conrad and Hilchey 2011; Dickinson and Bonney 2012;

Silvertown et al. 2013; Hannibal 2016; Acorn 2017). One very important area that can be

neglected is the need to ensure that volunteers have a good experience and have their

expectations for participating met (Silvertown 2009; Conrad and Hilchey 2011; Chu et al. 2012;

Fitzpatrick 2012; Greenwood 2012; Purcell et al. 2012; Silvertown et al. 2013).

Our main research questions were:

1.

2.

What motivates Bumble Bee Watch participants to participate in the program ?

Are the demographics of participants and participation rates similar to other community
science programs?

Are there more participants and submissions from urban areas than rural or suburban ones?
Do individuals from urban areas have stronger views related to conservation than suburban
or rural ones?

Do participants increase their knowledge about bumble bees after participating in the
program?

Do participants increase their skill in bumble bee identification after participating in the
program?

Have experts used Bumble Bee Watch data in their own research to date?
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8. What aspects of the Bumble Bee Watch program are working well, and which ones can be

improved?

Methods

Design of User Survey

The user survey consisted of demographic questions and questions about users’ motivations to
participate in and feedback about Bumble Bee Watch. There were 21 questions in total (see
Article C.S1 for the entire survey), based on those discussed in the evaluation of other
community science programs, such as The Great Pollinator Project (Domroese and Johnson
2017), eBird program (Wood et al. 2011), and mammal monitoring study (Newman et al. 2003),
amongst others (e.g. reviews in (Silvertown et al. 2013; Lewandowski and Specht 2015)).
Response options, such as motivations for participation, were generated based on these
evaluations as well as informal discussions with and feedback from Bumble Bee Watch
participants at training workshops and via e-mail and social media communications. As there is
no consistent definition for urban, suburban, and rural areas (see discussion in (du Plessis et al.
2002; Ratcliffe et al. 2016)), respondents were asked to self-identify based on their perceptions
of their communities. The survey was administered using Google Forms from January 23 to

February 28, 2018.

Participants were recruited to complete the voluntary user survey through the Bumble Bee Watch
e-newsletter and links to the newsletter and survey posted on social media. Respondents were
not required to have previously submitted observations to Bumble Bee Watch but previous
participation experience was implied. A total of 342 individuals responded to the survey and

gave consent for their participation and use of data by reviewing a consent letter and checking a
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consent box (see Article C.S1). The number of respondents was a small percentage of the total
number of registered and active Bumble Bee Watch users (2.1% of registered Bumble Bee
Watch users (342/16,055) and 5.4% (342/6,292) of all users having submitted at least one

record).

Design of Expert Survey
The expert survey consisted of fewer demographic questions, and more questions related to
community science research and its application, as compared to the user survey (see Article C.S2

for survey and consent form).

The expert survey participants were determined by the authors. The initial list of expert
participants was based on Bumble Bee Watch verifiers but was revised to reflect those most
applicable or best suited to respond, including others in the field. Invitations to complete the
Google Forms expert survey were sent out by e-mail in February and March 2018 to these 15
individuals. To increase sample size, an additional 17 experts were approached in October
2019. The survey these experts received was identical to the one sent out in 2018 (see Atrticle
C.S2) with the exception of the removal of the invitation and link to complete the general user

survey. In total, 32 experts were invited to participate, and 15 responses were collected.

This survey of users and experts was approved by York University’s Faculty of Environmental
Studies (November 2017, no reference number (internal approval)) and the data re-approved for

use by York University’s Office of Research Ethics (September 2019, ref# STU 2019-097).
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Data from Bumble Bee Watch Program

An export of the main Bumble Bee Watch program database, including both pending, tentative,
and verified nest and bee records, was obtained on February 28, 2018. Summaries were
calculated in Excel (Microsoft Office 365) to compare responses obtained in the user survey to
metrics from the database, such as the relative number of contributors and the number of
submissions per person and per province/state/territory (“jurisdiction”). The number of
registered users of Bumble Bee Watch was provided by Rich Hatfield of the Xerces Society for
Invertebrate Conservation to VJM on February 28, 2018; this number differs from that of the
number of contributors to the Bumble Bee Watch database as not everyone who had created an

account had submitted records.

Comparison Demographics from Canada and the United States

To allow for comparisons of Bumble Bee Watch respondents to the broader public, demographic
data was obtained for both Canada and the United States through their respective census
agencies. This included population by age group, federal jurisdiction, and education (Statistics

Canada 2016c, 2017a; United States Census Bureau 2017a, b).

Coding, Analysis of Data

Data collected through the surveys were exported from Google Forms into an Excel spreadsheet.
Blank values or skipped responses were removed for the analyses of that question. Basic
summaries were completed in Excel, while statistical analyses were carried out using SPSS ver
24 (IBM Corp 2016) . Kruskal-Wallis tests were used to investigate if the number of

submissions or motivations varied depending on the number of years the respondents have been
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involved in the program, the age of respondents, or the area (urban, suburban, rural) they lived
in. To control for false discovery rates we used the Benjamini-Hochberg procedure to adjust the
p-values (Pike 2011) for all analyses involving the same variable (i.e. years involved, age, area).
Dunn’s post-hoc pair-wise comparisons were run when significant differences (p<0.05) were
found, with the resulting significance values adjusted by the Benjamini-Hochberg procedure.
Note that the variables tested (e.g. number of submissions, years involved, age) were collected as
factors or categories (e.g. <10 submissions, 10-20 submissions, etc.) and not on a numerical

range.

Questions 10 (bumble bee training), 11 (wildlife identification skills) and 16 (education) on the
user survey and Questions 9 (used data from program) on the expert survey had an open-form
“other” response option. These responses were re-classed into the provided category options for
each question as applicable (i.e. the open-form text responses were coded into one or more of the
originally provided response options). For example, for question 10, responses such as “I have
been taking pictures of bumble bees for years” and “I'm a beekeeper (Apis mellifera)” were
classified as “no” for specialized training in bumble bees, while responses such as “We did a
year long project on native bumble bees in our area and spent a year learning to identify them,
including meeting with experts, such as T'ai Roulston, UVA, and Sam Droege” and “Field

Experience with [Wildlife Preservation Canada]” were classified as yes.

Qualitative open-form responses were coded and then categorized (Strauss and Corbin 1998;

Saldana 2009; Newing 2010). The number of individuals who made statements captured by each
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first level descriptive code and second level axial category were summed, which permitted

quantitative analyses.

Analyses, results and discussions on the surveys related to the perceived ease of species
identification for both users (questions 19, 20) and experts (questions 14, 15) is discussed in
MacPhail et al. (in review)(*edit for thesis version of paper: now published as (MacPhail et al.

2020D)).

Results

User Survey

A total of 342 individuals responded to our user survey. An overwhelming majority of
respondents participate in Bumble Bee Watch to contribute to scientific data collection (88.3%)
and because they were worried about bees and want to help save them (80.3%) (Table 6.1). This
is followed by a majority wanting to learn more about species on their property or region (62.6%
and 56.1% respectively), and because they have a personal interest in bumble bees (59.4%),
among other motivations (Table 6.1). For those who wrote in other motivations (25 individuals),
36% indicated they participate because they want to share information with others, 16%
participate to improve mental health, be part of natural world, or enjoy a hobby, and 12%
participate because they wanted to attract and support pollinators, particularly with their own

gardens. Note that individuals could have multiple motivations.

There were no significant differences in any motivations for participation as compared to age of
respondents (various K-W tests, df=7, p>0.05; Table D.S1), years of participation (various K-W

tests, df=4, p>0.05; Table D.S1), or area lived in (various K-W tests, df=2, p>0.05; Table D.S1).
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More than three quarters (77.2%) of respondents report an increased awareness of bumble bee
species diversity, and 84.8% report probable improvement in their identification skills as a result
of participation in Bumble Bee Watch (63.5% yes, 21.3% maybe, 7.6% no, and 7.6% I don’t
know). Most had only moderate to low confidence in their identification skills (2.9% said very
confident, 12.0% said confident, 41.8% said somewhat confident, 40.9% said not confident, and
2.3% were unsure). This may be explained by the amount of training they have had with bumble
bee identification, with the majority (89.5%) reporting no specialized training; 7.9% had some
training, 2.0% may or may not have had training, and 0.6% did not answer the question.
However, over 85% of respondents indicated they had some (62.3%) or many (22.8%) other
wildlife identification skills, while 0.9% said just identification skills with bumble bees, and

14.0% said they had no skills at all (0.6% did not respond).

Of the 87 respondents who had specified specific wildlife identification skills in the optional text
box, the majority had experience with birds (60.9%), followed by plants (39.1%), lepidopterans
(26.4%), other insects/invertebrates (18.4%) (excluding other bees and odonates that were each
reported 11.5%), general species identification (14.9%), mammals (13.8%), amphibians (4.6%),
reptiles (3.4%), fish (2.3%), and three other groups (1.1% each) (numbers can add to >100% as

multiple responses could have been recorded per person).

More than half of the survey respondents have been involved in naturalist, gardening, or wildlife
groups, being currently active (51.2%) or active in the past (8.8%), while 39.5% have not been

members, and 0.6% did not respond.
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Many of the respondents (n=210) gave feedback about ways to improve Bumble Bee Watch,
with the most common category being IT (information technology) related (41.9% of
respondents), followed by improved feedback (27.6%), and additional tools and resources
(19.1%), although 15.7% indicated that they were happy and had no further suggestions (Table

D.S2).

Two hundred and fifty-five respondents provided feedback on what they liked best about the
program. The top four best liked features included the resources on the website (38.8%), the
contribution to their own and more general knowledge and conservation efforts (including
policy) (33.7%), the educational values (24.7%), getting identifications and feedback on

submitted records (18.0%) (Table 6.2).

Many respondents were from suburban areas (39.5%), followed by rural (34.2%) and finally
urban (26.3%) areas. Most respondents had higher education with 81.0% having at least one
post-secondary degree (college through PhD), while a further 12.9% had some college or

university, 1.8% vocation/trade training, 3.5% high school diploma, and 0.6% some high school.

Each of the age classes from age 12 to 75+ were represented in our survey. Of the respondents,
50.9% were in the 55-64 and 45-54 age groups, which is more than twice the relative percent of
the US and Canadian population in those two categories (Table 6.1). Only 1.75% of respondents
were between 12 and 24 years of age, which is less than a quarter of the relative corresponding

national populations (Table 6.3).
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Respondents were closely split between geographic regions: 197 (57.6%) from the Eastern
Region and 145 (42.4%) from the Western Region. The relative percent of respondents per
province/state/territory (“jurisdiction”) is similar to the relative percent of records per region that
have been submitted to the database with only three jurisdictions having >2% difference in
relative percent between the respondents and the database (Colorado, Ontario, Washington)
(Table D.S1). However, 14 (28.6%) jurisdictions had >2% difference in relative percent
between respondents and the national population (Table D.S3)(Statistics Canada 2017b; United
States Census Bureau 2017a). A total of 49 jurisdictions were represented by respondents, while

records exist in Bumble Bee Watch for these and 13 others (Table D.S3).

A third of respondents (33.0%) had been participating with Bumble Bee Watch for two years,
followed by those with less than one year of participation (23.7%), one year (20.5%), three years
(16.5%), or all four years since the program launched in 2014 (6.4%). However, only a few
respondents submit records often (7.0%); most reported only rarely (43.0%) or sometimes
(42.7%) submitting photos, with a few submitting only if it is a rare or uncommon species
(7.3%). Indeed, more than half of respondents (69.0%) have submitted less than 10 records,
although this is lower than the percent of Bumble Bee Watch contributors who also submitted

less than 10 records (94.2%) (Table 6.4).

There is a significant difference in the number of records (as divided into groupings) made to
Bumble Bee Watch as compared to the years of involvement (K-W H statistic = 55.313, df=4,
p<0.001), with a greater number of records being submitted per accumulated years of

participation, except between those who had zero and one or zero and two years of experience
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(see Table D.S4). There was no significant difference in the number of photos submitted by age
group (K-W H statistic = 5.983, df=7, p=0.774) or by type of area (urban/suburban/rural) (K-W

H statistic = 1.009, df=2, p=0.755).

Expert Survey

Fifteen individuals responded to the expert survey: eight from the Eastern region (east of the
Mississippi in the United States, and east of Ontario (including Ontario) in Canada) and seven
from the Western region (west of the Mississippi in the United States and west of Manitoba in
Canada). At the time of their responses (April 2018 or November 2019), 60% of the respondents
had verified records on Bumble Bee Watch directly or indirectly, with 80% of the remaining five
experts willing to verify in the future. Almost 3/4 of the expert respondents (73.3%) had not
submitted records to Bumble Bee Watch, but about half (46.7%) have participated in other

community science programs.

About half (46.7%) of the experts have used Bumble Bee Watch data in their research. Example
usage included “[collecting] information from Bumble Bee Watch for Special Concern Species
in WI [Wisconsin] for the WI DNR [Department of Natural Resources]. This information gets
used for conservation of the species”, “looking up records for B. affinis”, “[using] recent
sightings...for site selection”, and for published manuscripts on species ranges and conservation
status. All expert respondents provided examples of research questions that Bumble Bee Watch

data could help to answer, including those related to species ranges, phenology, floral

associations, detection and monitoring, and more (Table 6.5).
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Ten of the expert respondents provided open feedback on ways to improve submitting, verifying
and/or using records, which was then condensed down into four categories. The most frequent
comments related to app or website features (e.g. being able to take a photo from main screen of
app rather than from a species page, uploading multiple images at once, making the interface
faster, downloading the data easier). This was followed by ways to improve the original data
submission (e.g. instruct users to submit photos showing key identification features, autopopulate
the location field based on metadata in photo, capture additional habitat information) and

verification process.

Discussion

Bumble Bee Watch participants are highly motivated by the desire to contribute to scientific data
collection and to help save bumble bees, as well as to further their own education, such as
learning about local species, and for social reasons, such as an activity to participate in with
family and friends and/or as part of a special event, in addition to general enjoyment. These
motivations were consistent across ages of participants, years of participation, and areas they live
in. Most of the participants reported becoming more aware about bumble bee diversity and
improving their identification skills after participating, and the top feature of the program they
liked were the resources on the website. To keep the program current and sustainable, it is

important to understand and continue to motivate participants.

The motivations noted above are all common motivations in community science projects
(Bonney et al. 2009a, b; VVan Den Berg et al. 2009; Bonney and Dickinson 2012; Chu et al. 2012;
Newman et al. 2012; Shirk et al. 2012; Silvertown et al. 2013). Our results also show that the

desire for bumble bee conservation is as high as the general contribution of scientific data;
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participants could be given more concrete ways that they can help and/or they could be recruited
by other projects to help move conservation efforts forward in their areas. Bees are popular
animals right now, and The Great Pollinator Project (Domroese and Johnson 2017), found that
volunteers ranked the desire for education and learning about pollinators to be the number one

motivation followed by the participation in a community science project.

These results are consistent with other research which show programs with a nature-based theme
often recruit individuals who care about the environment and wish to take action to help, unlike
broader public education programs where participants are motivated by other reasons, such as
career advancement (Guiney and Oberhauser 2009; Van Den Berg et al. 2009; Newman et al.
2012; Lewandowski and Oberhauser 2017). Regardless, it is important for each project to
recognize the motivations driving their volunteers and to ensure these desires are met in order to
keep interest and thus retention high (Bonney et al. 2009b, a; Silvertown 2009; Conrad and
Hilchey 2011; Chu et al. 2012; Fitzpatrick 2012; Greenwood 2012; Purcell et al. 2012;
Silvertown et al. 2013; Domroese and Johnson 2017). In the case of Bumble Bee Watch, this
can be accomplished by showing the participants the scientific value of their data (e.g. frequent
summaries of the data and examples of how it has been used, such as through selected
publications) and how it is helping to meet the project goals (e.g. where it has been used in
species at risk policy designations, conservation decisions), in addition to providing more
educational resources to the participants (e.g. tips on creating nesting habitat, best flower species
to plant, guidance on how to reach out to decision makers). This has already been occurring

through the use of an e-newsletter and blog hosted by The Xerces Society for Invertebrate
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Conservation (2020) but more frequent and regional communications would be beneficial to

keep interest high.

It is also important to improve the user experience with the program to encourage continued
participation, from the initial recruitment and registration through reporting and retention stages.
Community science projects traditionally have low participation versus registration rates, and
low contributions on a per person basis (Worthington et al. 2012; Silvertown et al. 2013, 2015;
Kelling et al. 2015b; Domroese and Johnson 2017); Bumble Bee Watch is no exception. About
39% of registered Bumble Bee Watch users submitted at least one record, which is higher than
other programs, such the 25% of registrants in the Great Pollinator Project (Domroese and
Johnson 2017) and 30% of those who contacted organizers in the Protea Atlas Project

(Silvertown et al. 2013).

Virtually all (94%) of the Bumble Bee Watch database contributors contributed only a few (<10)
records, with only a few (0.3%) of participants submitting >100 records (17.1% of the data).
This was also seen among our survey respondents. Similarly, the Protea Atlas Project found that
only 20% of their participants submitted more than 50 site records, and 2.5% more than 1000
(Silvertown et al. 2013); with the eBird program, 10% of the participants submitted 90% of the
records (Wood et al. 2011). These are low numbers of active users but quantity of participants
and quality of the resulting dataset are not always equal. These super volunteers or power users
often contribute high amounts of high quality data to a program that can help to offset the low
participation; these individuals should be especially targeted for retention (Wood et al. 2011;

Hames et al. 2012; Silvertown et al. 2013; Kelling et al. 2015b; Hannibal 2016).
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Programs generally want to increase the number of new participants each year to both grow the
program and offset participants who do not return. For example, FeederWatch has a 70% annual
retention rate, but needs 3,000 to 4,000 new participants annually to keep participant numbers
and geographic coverage consistent (Bonter et al. 2012). It could be expected that distribution of
years of participation would be greatest numbers in the most recent cohort and lower numbers
each year. This was seen in the Great Pollinator Project where 41%, 36%, 17%, and 7% of
survey respondents participated in one to four years, respectively, of the project (Domroese and
Johnson 2017), but the greatest number of our Bumble Bee Watch survey respondents were not
from under one year or first year participants but for second years (33%), although the fewest
numbers of respondents (6.4%) had been the early adopters, participating for four years. This
may be a feature of program roll-out and advertisement being stronger at the time these second-
year participants started; further investigations into the actual numbers of new and returning
users as compared to promotion efforts would be needed to better identify any correlation.
However, it is clear that volunteer retention is key; indeed, Sheppard et al. (2017) believe

retention is a measurement that can account for both data quality and volunteer engagement.

Our user survey respondents had a number of similar responses in terms of what they liked about
the program and what could be improved. Commonly stated areas for improvement related to
their motivation to learn and to see that they are helping science. Users wanted to get faster
feedback on their submissions, more tools and resources to identify and attract pollinators, and
increased communication to learn what others have been finding and how the data has been used.
In regards to the communications with others, in-person workshops and direct contact with

experts are not always possible, but there may be a role for virtual training and online
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community discussion forums in sharing information and experiences and getting feedback and
advice (Bonney and Dickinson 2012; Bonter et al. 2012; Triezenberg et al. 2012; Toomey and

Domroese 2013; Austen et al. 2018).

The Great Pollinator Project also struggled with meeting the desired speed of feedback and
sharing of data to users, particularly for higher level summaries and reports that can take a long
time before analyses can be completed, and encouraged program leads to find solutions for this
common problem (Domroese and Johnson 2017). While providing feedback can be time
intensive, the Bee Watch program developed an automated natural language generated feedback
program that immediately gave generalized feedback and information to users after expert
review based on the species being (mis)identified (Blake et al. 2012; van der Wal et al. 2016).
The Bee Watch program found that this automated feedback greatly increased participant
learning, skill, and retention (Blake et al. 2012; van der Wal et al. 2016). The Evolution
Megal ab project gave immediate automated feedback to users upon record submission,
including text and figures comparing their submission to historic records in the same area, which
also helped to motivate their participants (Worthington et al. 2012). Several community science
programs, such as iNaturalist, PlI@ntNet, and Merlin Bird ID, use an artificial intelligence and
deep learning computer programs to suggest identifications based on comparison to other photos
in their database and nearby records , which provides instant feedback to users (Waldchen and
Mader 2018; Ceccaroni et al. 2019). The use of new technologies, including new software
programs, will help to remedy some currently existing challenges in both Bumble Bee Watch
and community science programs in general to improve data collection and the user experience

going forward (Newman et al. 2012; Waldchen and Méader 2018; Ceccaroni et al. 2019).
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The areas of improvement noted by Bumble Bee Watch users were also commonly the main
areas users enjoy with the program, such as the resources available on the website and their
ability to help save the bees through the sharing of their data. This suggests that although more
can be done, such as customized regional bee identification workshops or pollinator-friendly
gardening guides, program organizers are on the right track with the provided features. We do
not discuss the accuracy or perception of user and expert identification in this paper as has been
done for other bumble bee community science programs (Lye et al. 2011; Suzuki-Ohno et al.
2017; Falk et al. 2019), but this information (including commonly mis-identified species) would
also help to improve the program and data quality (but see MacPhail et al. in review) (*edit for

thesis version of paper: now published as (MacPhail et al. 2020b)).

Our survey was conducted in the winter months when bumble bees are not active across most of
North America, and submissions to the program are thus low. It is possible that users might have
had slightly different opinions, or different rankings of opinions, than if we had done the survey
during the peak of the active season. For instance, respondents may have forgotten difficulties
such as potential issues with the submission process but been more aware of the delays in getting
verification of their photos. However, as some respondents had multiple years of participation to
reflect on and some submit their photos throughout the fall and winter, and as a wide variety of
responses were recorded across the participants, any temporal-related biases in our results are

likely low.

The experts who responded to our survey were generally pleased with the Bumble Bee Watch

program, although they also had suggestions on how to improve the program interface and
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quality of the data. The main areas that they believed the data could be used for included filling
knowledge gaps, supporting provincial and federal assessments, effecting policy and legislation,
encouraging habitat restoration and management efforts, and guiding further research. However,
despite the many areas of potential use, only about half of the experts have actually used Bumble
Bee Watch data in their research. The advertisement of the dataset availability and example
questions may be worthwhile for Bumble Bee Watch to share with researchers and
conservationists through formal academic means and social media. As the program and dataset
grow, more avenues to use the data will also evolve. Indeed, Bumble Bee Watch data are
routinely accepted into the Bumble Bees of North America database managed by Dr. Leif
Richardson and the USGS BISON (Biodiversity Information Serving Our Nation) database
(https://bison.usgs.gov), and has also been added to other national and regional databases, so the

data are increasingly becoming available to researchers.

Over half of our user survey respondents were middle-aged, between 45 and 64 years of age,
which is common of many programs as they include the group who often have more time to
volunteer as they have older children and more stable employment or have retired (Guiney and
Oberhauser 2009; Purcell et al. 2012; Toomey and Domroese 2013; Domroese and Johnson
2017; Sheppard et al. 2017). Interestingly, we had more individuals that were 75 years of age
and older respond to our survey than those under 24 years of age. While we had few respondents
in the latter group, this may be because most youth under 18 would only participate with an adult
and/or under an adult's account. Yet there are benefits for youth participation, not only to get
them started on a life-long love of nature and contribution to community science and

conservation projects but also because they can often be single-focused and energetic, and be
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more skilled than adults in some areas (Wells and Lekies 2006; Guiney and Oberhauser 2009;
Griffin Burns and Harasimowicz 2012; Silvertown et al. 2013). Our results show that there was
no difference in the number of records submitted per age group. Our program encourages people
to get outside and be active while enjoying their local gardens or trails, which is a necessary part
of having a healthy physical, mental, and social life, especially for older adults who tend to
become inactive over time (Buchner et al. 1992; Wagner, E., La Croix, AZ., Buchner, DM.,

Larson 1992; Phillips et al. 2004; Bushway et al. 2011).

While every province, state and territory that have bumble bees were represented in the Bumble
Bee Watch database, some of these regions have low participation rates as compared to the
relative proportion of the population and to the entire program as a whole. Increased promotion
of the program in these areas, including through targeted presentations, "bee walks", and
dedicated survey programs could help to increase data coverage. For example, one of us (VJM),
gave a public presentation, bee walk, and CBC media interview on Prince Edward Island in
August 2019, and in the following three months the number of submissions had almost doubled
(1.8 times) what had been submitted from the province in the previous five and a half years
combined; in fact, 25.5 times more records were submitted in the three-month August through
October 2019 period as compared to the average of the same three months in the preceding five
years. After a single CBC media interview in New Brunswick in August 2019, about 5.8 times
the number of records were submitted in August through October time period compared to the
average of those months over the previous 5 years. General advertising should account for the
motivations of residents from different types of areas of physical and demographic communities,

such as advertising the ability to find and share rare species to those in rural and suburban areas
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or to participate in special events to those in urban areas. Although there was no difference in
the number of records submitted based on the area in which people live, urban residents had the
least number of respondents in our survey; it is possible that this is due to the erroneous belief
that cities do not contain bumble bees or that they are already well surveyed: advertising could
help alleviate these concerns. As we did not provide definitions as to what constituted urban,
suburban, or rural, it is also possible that some respondents identified with the suburban category

instead of the urban category, explaining the lower number in the latter group.

While there are challenges with community science programs, there is an increased
understanding of the need for good practices, from data collection and validation to participant
communications and retention (Bell et al. 2008; Silvertown 2009; Conrad and Hilchey 2011;
Cooper et al. 2012; Phillips et al. 2012; Worthington et al. 2012). The development of
appropriate protocols and supports (administrative, technological, and financial), can overcome
the challenges and ensure the positive, long-lasting outcomes of these programs (Conrad and

Hilchey 2011; Cooper et al. 2012; Dickinson and Bonney 2012; Pocock et al. 2015).

Conclusion

Bumble Bee Watch has the potential to engage the public, answer research questions, and
increase the conservation of bumble bees across the United States and Canada through avenues
resulting from having thousands of participants of various ages from rural through urban location
increasing their understanding of bumble bee diversity and their desire to conserve them while
generating the data for research and conservation purposes via photo submissions of the bumble
bees they see across the landscape. Improvements are needed in order to maximize volunteer

retention and data quality, which could include the adoption of new technology such as
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automated feedback and the provision of more targeted resources such as identification guides
and species lists. Further promotion of community science programs amongst academia,
conservationists, policy makers, politicians, and the general public should occur in order to
increase the number of participants and submissions (both geographically and temporally), the
use of the data amongst a broader group of stakeholders and finally, our knowledge of species

and our interest in conserving them.

Tables and Figures
Table 6.1: Motivations for participating, as selected by user survey respondents from a provided
list of options. Respondents (n=342) could select more than one motivation so numbers do not

add up to 342 respondents or 100%.

Motivations Number of Percent of
respondents respondents

To contribute to scientific data collection 302 88.30

I'm worried about bees and want to help save them 284 83.04

| want to learn what species are on my property 214 62.57

| have a personal interest in bumble bees 203 59.36

| want to learn how to identify the biodiversity in my 192 56.14
region

To share the uncommon or rare species | find 126 36.84
Recreational learning/Family activity 120 35.09
Participation in special events (e.g. Great Canadian 47 13.74

Bumble Bee Count or a Bioblitz)
The preservation of ecological diversity 1 0.29
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Table 6.2. Categories of feedback about what respondents (n=255) to the user survey liked best
about the Bumble Bee Watch program. Note that respondents could make multiple suggestions
so the total of all categories do not add up to 100%. Free-form responses were initially coded

into one of 31 categories by three individuals, and then further collapsed into these 7 categories.

Respondents who provided feedback that was not related to the question were excluded.

Program Features Liked Best Number of Percent of
Respondents  Respondents
Resources on the website (including identification keys, 99 38.82

data/records, photos, maps)

Contributing to both user and general knowledge, and 86 33.73
contribution to conservation efforts about bumble bees, incl
helping to influence policy

Educational - helps with learning about bumble bees 63 24.71
Identification and feedback on submitted records 46 18.04
Fun, family-friendly outdoor based hobby, community of 45 17.65
users

Easy to use, works great 33 12.94

Availability of app 7 2.75




192

Table 6.3. A comparison of the Bumble Bee Watch user survey respondents’ age groups to the
combined United States and Canadian populations in 2016 (Statistics Canada 2017a; United
States Census Bureau 2017a). Note that the age groupings varied between the survey and the
national demographics for the two youngest classes. Total number of respondents to the survey
was 342. The total population aged 10-75+ was 280,705,770 in the United States and

17,858,089 in Canada, for a combined total of 298,563,859.

Age Group Percent of User Percent of US
Survey Respondents  and Canada

Combined
Population

12t0 17 (survey) or 10 0.29 15.55

to 19 (US & Canada)

18 to 24 years survey 1.75 8.20

or 20 to 24 years (US

& Canada)

25 to 34 years 8.19 15.75

35 to 44 years 15.20 14.48

45 to 54 years 21.05 15.21

55 to 64 years 30.99 14.23

65 to 74 years 19.88 9.58

75 plus 2.63 7.00
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Table 6.4. The relative percent of Bumble Bee Watch user survey respondents (342 individuals)

and program contributors (6,292 unique individuals across both nest and bee records, as of

February 28, 2018) per number of records submitted to the Bumble Bee Watch database.

Number of Records Percent of User  Percent of Database
Submitted to Bumble Survey Contributors

Bee Watch Respondents

Less than 10 69.0 94.2

10-20 17.0 3.8

More than 20 8.8 1.3

More than 50 5.0 0.76

(blank) 0.3 n/a

Grand Total 100.0 100.0

Table 6.5. Ideas of questions that Bumble Bee Watch data can be used to answer, according to

respondents to the expert survey (n=15). Free-form responses were summarized and coded to

get to these categories.

Categories Number of Percent of
Respondents  Respondents

Species ranges, including current distributions, range 13 86.67

contractions and expansions, species distribution models

Phenology for each bee species, including different castes 7 46.67

Collecting information on rare species, comparing ratios and 5 33.33

trends in ratios of common to uncommon species,

investigating changes in diversity, and calculating species

status/extinction risk

Floral associations, including changes in 4 26.67

Understanding species diversity and habitat preferences 2 13.33

Monitoring, detection and prevalence studies 2 13.33

“So many” [ways data can be used] 2 13.33

To see if participation in Bumble Bee Watch affects 1 6.67

participant behaviour

To feed into studies looking at different factors to see if they 1 6.67

affect bumble bees (e.g. climate change, habitat loss)

Machine learning based identifications 1 6.67

Bee identification success rates 1 6.67

Identification of sites for research and restoration work 1 6.67
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Chapter 7. Conclusion

Victoria J. MacPhail

Biodiversity loss is a huge concern worldwide, particularly with the effects of climate change
starting to be felt, and evidence of our being in the sixth mass species extinction event becoming
obvious (Memmott et al. 2007; Ceballos et al. 2017; World Wildlife Federation 2018; Jarvis
2018; Goulson 2019; IPBES 2019; Sanchez-Bayo and Wyckhuys 2019; Didham et al. 2020;
Williams et al. 2020). This is happening at a time when government funding and monitoring
efforts related to conservation are often being cut back (Gardner et al. 2003; Conrad and Hilchey
2011; Bonter et al. 2012; Dickinson and Bonney 2012; Silvertown et al. 2013; Newediuk et al.
2021). Community science programs are a cost-effective way of increasing data collection and
can supplement or yield cost effective alternatives to the traditional scientific approach
(Silvertown 2009; Conrad and Hilchey 2011; Hoyer et al. 2012; Birkin and Goulson 2015; Le
Feon et al. 2016; NASEM 2018). Bumble bees are just one of the many groups with species
facing declines in North America, and for which more information is needed to help conserve
them (Colla and Packer 2008; Cameron et al. 2011b; Bartomeus et al. 2013; Colla 2016;
Williams et al. 2020). The Bumble Bee Watch (BBW) community science program was created
with the goal of conserving bumble bees, via data obtained through photographs taken by

volunteers across the US and Canada and identified by regional experts.

Community science involves projects where, most commonly, professional scientists oversee
non-professional volunteers in collecting and/or analyzing data to answer a specific question or
to advance scientific knowledge, although non-professionals may also design the research

program (Eitzel et al. 2017; McKinley et al. 2017; NASEM, 2018; Auerbach et al. 2019; Heigl et
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al. 2019b; Lepczyk et al. 2020). There are many benefits of community science to the
participants, researchers, society, and the environment. However, this is a field that is relatively
new and fast growing, and thus is still lacking a lot of cohesiveness regarding areas from
definitions through protocols. For this dissertation, | reviewed key literature in the field to date,
discussed benefits, successes, and challenges and suggested best practices that can make projects
more efficacious on many levels (Ch 2). These included areas such as experimental design, data
analysis and quality control; volunteer recruitment, training, and retention; motivations for and
effects of participation; data management and security; data sharing and project overlap;
obtaining funding and other resources; economic, social, and political controversies; project
assessment and evaluation; and new technologies. While more research and cohesiveness are
needed, interdisciplinary teams are best able to plan and administer programs, sharing successes,
failures, and insights amongst those working in community science field is needed, and the

broader public and scientific community need to be made more aware of this field’s potential.

Having detailed information on a species, such as their habitat and life history needs, is essential
for not only their conservation but to answer other questions now and into the future (Potts et al.
2010; Tylianakis et al. 2010; Burkle et al. 2013; Goulson et al. 2015; Colla 2016; McKinley et al.
2017; MacPhail et al. 2018). Indeed, every single observation recorded now represents a unique
point that will never occur again and cannot be recreated, and thus could be invaluable. In
comparing BBW data to that of the most comprehensive source of Bombus data for Canada and
the United States, the Bumble Bees of North America database (Richardson 2020) it is clear that
BBW complements and adds to our overall knowledge, from total number of records to

examples of range in-fill and expansion and a greater diversity of plant forage hosts (Chapter 3).
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As an additional “bonus”, BBW accomplishes this using non-lethal techniques, reducing
concerns about surveying in areas where at-risk species may be located and accidentally
collected, the need for specialized equipment or training of individuals, and the need to kill

individuals for identifications to take place.

Instances of increased information related to range and specific locations of species are common
with community-science programs (Munson et al. 2010; Losey et al. 2012; Dennis et al. 2017;
Zapponi et al. 2017; Soroye et al. 2018; Flockhart et al. 2019). Programs may even indirectly
gather information now that may later be of benefit, from weather conditions to genetic material
to co-occurring species (McClenachan 2009; Miller-Rushing et al. 2012; Albani Rocchetti et al.
2021). For example, the BBW analysis of plant species was based on user-submitted plant
identifications, and not all records had this information entered: additional information could be
further gathered through identification of the forage species in the submitted photos by a plant

biologist.

It can be difficult to document species that only occur in remote regions where there are not as
many human observers, particularly as compared to urban areas (van der Wal et al. 2015; Blaney
et al. 2016), but targeted promotion of community science programs to people living or working
in these areas, with an emphasis on the value of and need for their observations, can help (Chu et
al. 2012; van der Wal et al. 2015). Indeed, community science programs are known for often
finding species and collecting information from regions not commonly visited by professional

researchers (Losey et al. 2012; Zapponi et al. 2017; Soroye et al. 2018).
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Many conservation actions cannot occur until a species has been assessed as being at-risk of
extinction (Rodrigues et al. 2006; Baillie et al. 2008; Mace et al. 2008; Cardoso et al. 2011; Colla
2016; MacPhail et al. 2018; Lemieux et al. 2021; Newediuk et al. 2021). Yet assessments are
often hindered by a lack of data (Potts et al. 2010; Colla 2016; Lemieux et al. 2021; Newediuk et
al. 2021). Chapter 4 showed that BBW data can be used in conjunction with traditional scientific
data sources (e.g. the BBNA database) to increase the overall sample size and to add new
locations of the species for conservation assessments. As the variables investigated in
conservation status assessments can be influenced by survey effort (e.g. (Royal Botanic Gardens
Kew 2017)), the greater the data set, the more accurate the assessment will be. Community
science programs therefore have the potential to greatly assist in our understanding of the current
population levels and distribution of species across small and large scales, and influence the

conservation actions that can occur.

In order for data to be used in conservation assessments and policy and management, it must be
of high quality with few to no errors. To achieve this, BBW uses an expert-assisted verification
process, whereby participants may choose to assign a species name to their submission, but
regional experts will confirm or change the identification as appropriate. A comparison of the
original identification to the expert identification for BBW submissions (Chapter 5) found that
the participant was correct only about half the time, although it varied greatly by species. Only
10 of the 42 species in our analyses were at or above the suggested level of 80% percent
agreement that would eliminate or reduce the need for expert review (Aceves-Bueno et al. 2017),
confirming the value of the approach of community science programs like BBW of reviewing

each record.
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There are challenges with identifying species from photos, particularly in the case of cryptic
species (Williams et al. 2014, 2016; Sheffield et al. 2019, 2020; Sikes and Rykken 2020), or if
the photos are of low quality or missing key identification features (Lye et al. 2011; Acorn 2017,
Krell and Marshall 2017; Austen et al. 2018; MacPhail et al. 2020b). Yet, it is possible for most
Bombus species, and this technique is increasingly being used by researchers (Lye et al. 2011,
Roy et al. 2016; Comont and Ashbrook 2017; Suzuki-Ohno et al. 2017; Falk et al. 2019;
Richardson et al. 2019)(in addition to the work discussed in this thesis). It is important to
determine the species most commonly mis-identified and potential reasons for this, impact of
observer bias, perceived ease of identification, and the role of conservation status in levels of
agreement (Ch 5). The development of more resources to help participants learn to take the best
photos and angles, interface prompts during the submission process, and increased filters and
checkpoints on the database, can help increase the accuracy of identifications, which in turn can
benefit the participants, experts and the program overall (Crall et al. 2011; Bonter and Cooper
2012; Freitag et al. 2016; Kosmala et al. 2016; Aceves-Bueno et al. 2017; Suzuki-Ohno et al.

2017).

It is important for community science programs to understand the demographics of participants,
their reasons for participating in and views on the programs, and any outcomes of their
participation, as well as the views of program administrators and end users of the data (Bonney
et al. 2009a, b; Silvertown 2009; Van Den Berg et al. 2009). They can then ensure that the needs
and desires of volunteers are met, and problem areas addressed (Bonney et al. 2009b, a;

Silvertown 2009; Conrad and Hilchey 2011; Chu et al. 2012; Fitzpatrick 2012; Greenwood 2012;
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Purcell et al. 2012; Silvertown et al. 2013; Domroese and Johnson 2017). Survey results of both
participants and experts involved with BBW showed that there was high appreciation of
program, with many positive experiences reported (Ch 6). These are common motivations and
outcomes of participants in nature-based programs, but it is still important to keep working to
improve experiences (Guiney and Oberhauser 2009; VVan Den Berg et al. 2009; Newman et al.
2012; Lewandowski and Oberhauser 2017). Although the expert respondents generated a list of
multiple areas where BBW data could help, such as filling knowledge gaps (species diversity,
ranges, habitat, phenology, floral associations, etc.), supporting species status assessments,
effecting policy and legislation, encouraging habitat restoration and management efforts, and
guiding further research, only about half had used data from BBW at the time of the survey: this

is an indication that more promotion of the dataset is needed.

One of the most biggest challenges with the BBW program (Ch 6), and that of similar ones
(Comont and Ashbrook 2017; Falk et al. 2019), is the time lag that exists between a participant
submitting an observation and receiving feedback on it, as well as the amount and type of
feedback given (Blake et al. 2012; van der Wal et al. 2016; Domroese and Johnson 2017; Falk et
al. 2019). Reviewers on BBW are primarily experts contributing their time voluntarily, in
conjunction with their other responsibilities, so they cannot always keep up with the influx of
new submissions, particularly during the field season. Artificial Intelligence (Al) programs that
provide “instant” identifications may help give participants immediate feedback, and potentially
reduce the need for manual review of every single observation, instead allowing sub-
samples/spot-checks of identifications of common species with high predicted match accuracy,

freeing up more time for experts to concentrate on more uncommon or harder to identify species
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(Waldchen and Méader 2018; Ceccaroni et al. 2019). As this conclusion was being written, a beta
version of an Al program was being tested for BBW, where users could click through and get a
predicted identification after submitting their observation. This Al program was trained on the
large gallery of verified images available on BBW. Another Al program, known as the
“BeeMachine” and created by Spiesman et al. (2021), has shown early success in providing
identifications of bumble bee images; this model is another that could be incorporated into BBW.
Automatically generated feedback, such as done with the UK BeeWatch program, and/or the
ability for experts to choose from a list of common feedback, can also help to increase the
amount of information participants receive along with the identification (e.g. natural history facts
about the species identified, differences between similar-looking species with
misidentifications), and improve their learning and skill levels as well (Blake et al. 2012; van der

Wal et al. 2016; Domroese and Johnson 2017; Falk et al. 2019).

While survey respondents were generally quite positive about their experiences, it is clear that
the overall participation and retention rate for BBW is low (Ch 6) (as is common with most
community science programs (Worthington et al. 2012; Silvertown et al. 2013, 2015; Kelling et
al. 2015b; Domroese and Johnson 2017)). For example, as of May 18, 2021, when this
conclusion was being written, BBW had 33,483 registered users; however, of these, only 12,804
had submitted records. Similarly, the two apps have been downloaded 47,177 times in the US
and Canada (with additional downloads from outside that region), but not always opened or used.
However, while most participants submit <10 observations, some have submitted hundreds and
even over a thousand records; it is this latter group, the “super users” or “super volunteers” that

are especially important to recognize and retain (Wood et al. 2011; Hames et al. 2012;
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Silvertown et al. 2013; Kelling et al. 2015b; Hannibal 2016). The participant experience can be
improved in several ways. In addition to speeding up the verification and feedback as mentioned
above, giving participants frequent communications is critical (Ch 2, 6). Examples include
providing summaries of the program and its progress towards its goals; examples of how their
data has been used (e.g. recent publications); highlighting interesting news (e.g. records of rare
species, volunteer profiles); and providing new educational resources (e.g. regional bee

identification guide, plant list for attracting bumble bees).

The collection and verification of data are not enough for conservation to happen: the data must
be used by researchers, land managers, conservationists, policy makers, and others. BBW data
have now been used in other conservation status assessments (Szymanski et al. 2016; Committee
on the Status of Endangered Wildlife in Canada 2018), regional checklists (Gibbs et al. 2017),
and in the identification of sites for specialized research or as part of larger data sets for
modelling work (Gibson et al. 2019; Liczner and Colla 2020), but more promotion of the data
should still occur amongst those in the relevant fields. While BBW data can be viewed in real
time via an interactive map or gallery on the website or app, and relevant sections of the database
shared with users who request it via a data request form on the website, researchers have other
options to access the data. BBW also began providing annual data dumps to BISON and GBIF
(two large internationally recognized databases) in late 2015/early 2016, and with BBNA in
2016/2017, as well as upon request to national and regional databases, so data are slowly
becoming more available. Additionally, by getting more participants involved, and by increasing
the awareness of the general public about the plight of the bumble bee and other species, the

probability of actions being undertaken by governments, conservation groups, and the public will



202

also increase (Bickford et al. 2012; Colla and Maclvor 2017; Underwood et al. 2017; Cardoso
and Gongalves 2018; Hall and Steiner 2019; Hall and Martins 2020; Requier et al. 2020;

Vierssen Trip et al. 2020; Althaus et al. 2021; Albani Rocchetti et al. 2021).

From the time Bumble Bee Watch was launched on January 22, 2014 until May 18, 2021, a total
of 79,617 bee and nest observations had been submitted. This number is ever increasing,
particularly as more formal survey programs involving community scientists use it (Tompkins
and Rowe 2020; The Xerces Society for Invertebrate Conservation 2021). As seen throughout
the preceding chapters, these data have great value for the conservation of Bombus across North
America, complementing work done by experts, as well as having positive impacts on
participants. BBW is therefore an example of a community science program that, while

improvements can be made, is invaluable even as it continues to grow.

In conclusion, this research shows the value of community science programs, and the power of
combining both researcher and community science data to answer broad-scale, ecological
research questions. They can fill knowledge gaps, increase conservation status assessments,
recommend recovery actions, and influence policy, in addition to meeting the public’s desire to
contribute to science, learn about the world around them, and to help save species. While there
are challenges to running a successful program, an increasing number of protocols and supports
are being developed and shared amongst those working in the field. Further promotion of
community science programs amongst academia, conservationists, policy makers, politicians,

and the public should occur in order to increase their impact.
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Appendix A. Supplementary Information for Chapter 3
Table A.S1. Current Bombus species that are considered as valid species for North America
north of Mexico but that were not included in Williams et al. (2014). These species are newly

described, recently re-validated, or still a point of disagreement for taxonomists.

Bombus species Status in Williams et al. (2014) Reference
californicus Smith, was considered a conspecific of B. fervidus ~ Koch et al. (2018)
1954 (Fabricius, 1798)

(but this species but note that although Koch et al. (2018)

status is still found evidence for two lineages in this

uncertain) complex, they could not assign valid names

due to the cryptic nature of the bees and the
original descriptions

cockerelli Franklin, was considered a conspecific of B. vagans  Yanega (2013)
1913 Smith, 1854
(but this species

status is still

uncertain)

interacti Martinet, not included (new species) Martinet et al. (2019)
Brasero and

Rasmont, 2019 but now considered as conspecific of B.

(but this species is johanseni Sladen, 1919 by Sheffield et al.
now considered to be  (2020)
a synonym)

johanseni Sladen, not included Sheffield et al. (2020)
1919

kirbiellus Dahlbom,  was considered a conspecific of B. balteatus Williams et al. (2015)
1832 Dahlbom, 1832

mckayi Ashmead, was considered a subspecies of B. Williams et al. (2021)
1902 STAT. REV. occidentalis s. str.

now split to be a separate species (as had
originally been described)

natvigi Richards, not included Williams et al. (2015)
1931
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unnamed species

kluanensis Williams
and Cannings, 2016

not included (new species)

Williams et al. (2015)

Williams et al. (2016)

vancouverensis
Cresson, 1878

B. bifarius was listed with two possible
subspecies; it was split into two species by
Ghisbain et al. (2020), and then one, B.
nearcticus was then itself split into two
subspecies, B. vancouverensis
vancouverensis comb.n. and B.
vancouverensis

nearcticus

Ghisbain et al. (2020)

Table A.S2. The common and scientific names and taxonomic authorities for the 51 species and

groups of bumble bees (Bombus spp.) found in either the BBNA all years or BBW datasets, as

well as their IUCN Red List or NatureServe conservation status for their North American range.

Note: Names and authorities are from Williams et al. (2014) and IUCN North American

conservation statuses from IUCN (2020) unless otherwise indicated. Abbreviations: DD, Data

Deficient; LC, Least Concern; VU, Vulnerable; EN, Endangered; CR, Critically Endangered;

[status] global species conservation status from NatureServe (2021); n.s: no status assigned.

Species Authority Common Name IUCN Status
[NatureServe
Status]

affinis Cresson, 1863 Rusty-Patched Bumble Bee CR

appositus Cresson, 1878 White-Shouldered Bumble Bee LC

auricomus (Robertson, 1903) Black and Gold Bumble bee LC

bifarius Cresson, 1878 Two Form Bumble Bee LC

bimaculatus ~ Cresson, 1863 Two-spotted Bumble Bee LC

bohemicus Seidl, 1838 Ashton Cuckoo Bumble Bee DD*

borealis Kirby, 1837 Northern Amber Bumble Bee LC

caliginosus (Frison, 1927) Obscure Bumble Bee VU

centralis Cresson, 1864 Central Bumble Bee LC

citrinus (Smith, 1854) Lemon Cuckoo Bumble Bee LC

cockerelli* Franklin, 1913 Cockerell's Bumble Bee [CR]




Species Authority Common Name IUCN Status
[NatureServe
Status]
crotchii Cresson, 1878 Crotch Bumble Bee EN
cryptarum (Fabricius, 1775) Cryptic Bumble Bee DD
distinguendus Morawitz, 1869 Northern Yellow Bumble Bee DD
fervidus (Fabricius, 1798) Yellow Bumble Bee VU
flavidus Eversmann, 1852 Fernald Cuckoo Bumble Bee DD
flavifrons Cresson, 1963 Yellow Head Bumble Bee LC
franklini (Frison, 1921) Franklin Bumble Bee CR
fraternus (Smith, 1854) Southern Plains Bumble Bee EN
frigidus Smith, 1854 Frigid Bumble Bee LC
griseocollis (DeGeer, 1773) Brown-belted Bumble Bee LC
huntii Greene, 1860 Hunt Bumble Bee LC
impatiens Cresson, 1863 Common Eastern Bumble Bee LC
insularis (Smith, 1861) Indiscriminate Cuckoo Bumble LC
Bee
jonellus (Kirby, 1802) White Tail Bumble Bee DD
kirbiellus Curtis, 1835 High Country Bumble Bee (B. DD
balteatus Dahlbom, 1832 in
Williams et al. 2014)
kluanensis*  Williams and Kluane Bumble Bee [VU]
Cannings, 2016
melanopygus  Nylander, 1848 Black Tail Bumble Bee LC
mixtus Cresson, 1878 Fuzzy-horned Bumble Bee LC
morrisoni Cresson, 1878 Morrison Bumble Bee VU
natvigi* Richards, 1931 High Arctic Bumble Bee DD [VU]
neoboreus Sladen, 1919 Active Bumble Bee DD
nevadensis Cresson, 1874 Nevada Bumble Bee LC
occidentalis  Greene, 1858 Western Bumble Bee VU
pensylvanicus (DeGeer, 1773) American Bumble Bee VU
perplexus Cresson, 1863 Confusing Bumble Bee LC
polaris Curtis, 1835 Polar Bumble Bee DD
rufocinctus Cresson, 1863 Red-belted Bumble Bee LC
sandersoni Franklin, 1913 Sanderson Bumble Bee LC
sitkensis Nylander, 1848 Sitka Bumble Bee LC
sp. n/a Unknown Bumble Bee n.s. depends
on the species
suckleyi Greene, 1860 Suckley Cuckoo Bumble Bee CR
sylvicola Kirby, 1837 Forest Bumble Bee LC
ternarius Say, 1837 Tri-colored Bumble Bee LC
terricola Kirby, 1837 Yellow-banded Bumble Bee VU
vagans Smith, 1854 Half-black Bumble Bee LC
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Species Authority Common Name IUCN Status
[NatureServe
Status]

vagans, n/a Two-striped Yellow Bumble Bee  n.s. but

perplexus, or Group species are

sandersoni LC

vandykei (Frison, 1927) Van Dyke Bumble Bee LC

variabilis Cresson, 1872 Variable Cuckoo Bumble Bee CR

vosnesenskii  Radoszkowski, 1862 Vosnesensky Bumble Bee LC

vosnesenskii  n/a Yellow-faced Bumble Bee Group  n.s. but

or species are

caliginosus LCor VU

*Authority, name, and global status from NatureServe (2021)
* Although ranked as DD by the IUCN, B. bohemicus has been assessed as Endangered in
Canada by COSEWIC (2014) and in Ontario by COSSARO (Committee on the Status of
Species at Risk in Ontario and COSSARO 2014)

Table A.S3. The number of total and unique bumble bee species (including three species groups:

"Sp ,

and territory, by dataset.

vagans, sandersoni or perplexus”, and "vosnesenskii or caliginosus™) per province, state,

Province, # # speciesin  # #speciesin  #speciesin #
State, species BBNA species BBW and BBW and species
Territory in 2010-2020 inBBW notin BBNA notin found in

BBNA all years? BBNA this

all years 2010-2020? region
Alabama 9 0 6 1 6 10
Alaska 27 24 9 1 2 28
Alberta 29 26 27 3 15 32
Arizona 17 14 6 1 5 18
Arkansas 8 4 6 1 5 9
British 34 26 26 2 12 36
Columbia
California 25 21 20 2 8 27
Colorado 26 21 20 2 17 28
Connecticut 16 10 4 1 2 17
Delaware 10 6 4 1 1 11
District of 10 7 3 0 1 10
Columbia
Florida 6 4 6 1 2 7
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Province, # #speciesin  # #speciesin  #speciesin #
State, species  BBNA species BBW and BBW and species
Territory in 2010-2020 inBBW notin BBNA notin found in
BBNA all years? BBNA this
all years 2010-2020?  region
Georgia 15 6 6 1 5 16
Idaho 22 16 20 1 16 23
Illinois 17 10 11 1 3 18
Indiana 14 9 10 2 8 16
lowa 14 3 12 2 9 16
Kansas 12 0 8 1 4 13
Kentucky 10 3 6 1 6 11
Louisiana 6 0 4 1 1 7
Maine 18 12 15 3 4 21
Manitoba 27 8 15 3 6 30
Maryland 14 11 10 2 5 16
Massachusetts 18 13 11 2 9 20
Michigan 21 15 14 2 4 23
Minnesota 20 11 20 3 13 23
Mississippi 8 0 5 1 5 9
Missouri 10 4 9 2 5 12
Montana 28 27 16 1 12 29
Nebraska 17 8 11 1 4 18
Nevada 18 8 5 0 1 18
New 18 15 14 2 2 20
Brunswick
New 18 13 7 2 5 20
Hampshire
New Jersey 17 9 6 2 2 19
New Mexico 18 6 5 2 5 20
New York 19 15 13 2 11 21
Newfoundland 19 12 14 2 5 21
and Labrador
North 15 11 10 2 10 17
Carolina
North Dakota 24 1 11 1 7 25
Northwest 21 16 6 1 6 22
Territories
Nova Scotia 16 13 12 2 2 18
Nunavut 10 5 2 1 2 11
Ohio 20 8 12 2 3 22
Oklahoma 9 4 5 1 4 10
Ontario 27 16 23 2 6 29
Oregon 25 16 24 2 21 27




257

Province, # #speciesin  # #speciesin  #speciesin #
State, species  BBNA species BBW and BBW and species
Territory in 2010-2020 inBBW notin BBNA notin found in
BBNA all years? BBNA this
all years 2010-2020?  region
Pennsylvania 16 10 10 2 4 18
Prince Edward 14 10 14 2 12 16
Island
Quebec 25 17 20 2 14 27
Rhode Island 10 7 7 3 3 13
Saskatchewan 24 18 20 4 18 28
South 12 3 6 1 6 13
Carolina
South Dakota 28 13 15 2 8 30
Tennessee 16 8 7 1 1 17
Texas 12 4 7 1 5 13
Utah 23 13 13 1 10 24
Vermont 17 13 12 2 7 19
Virginia 17 14 13 2 12 19
Washington 26 21 25 3 13 29
West Virginia 14 12 8 2 8 16
Wisconsin 20 7 18 3 2 23
Wyoming 23 18 15 1 15 24
Yukon 26 20 3 0 3 26
Total # 48 45 44 3 3 51
species

Table A.S4. The total number of bumble bee records (all species combined) per province, state,

and territory by dataset.

Province, State, # BBNA # BBNA #BBW total # records
Territory records all records 2010- records (BBNA all
years 2020 years &
BBW)

Alabama 188 0 60 248
Alaska 40,468 20,310 48 40,516
Alberta 16,251 10,727 1,821 18,072
Arizona 6,431 388 10 6,441
Arkansas 204 19 41 245
British Columbia 12,522 1,410 1,257 13,779
California 61,101 2,200 481 61,582
Colorado 26,259 779 217 26,476
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Province, State, # BBNA # BBNA #BBW total # records
Territory records all records 2010- records (BBNA all
years 2020 years &
BBW)

Connecticut 6,639 1,281 26 6,665
Delaware 382 48 21 403
District of Columbia 640 369 9 649
Florida 2,239 15 48 2,287
Georgia 1,339 68 47 1,386
Idaho 4,601 316 4,644 9,245
Illinois 10,176 392 212 10,388
Indiana 4,028 1,035 112 4,140
lowa 1,367 5 198 1,565
Kansas 1,731 0 47 1,778
Kentucky 724 24 33 757
Louisiana 123 0 15 138
Maine 2,490 1,258 324 2,814
Manitoba 2,475 46 352 2,827
Maryland 4,738 3,066 85 4,823
Massachusetts 14,758 8,001 156 14,914
Michigan 9,512 669 400 9,912
Minnesota 12,899 584 2,662 15,561
Mississippi 1,871 0 11 1,882
Missouri 3,037 8 128 3,165
Montana 14,554 5,567 191 14,745
Nebraska 3,166 25 1,555 4,721
Nevada 2,926 43 15 2,941
New Brunswick 1,424 923 575 1,999
New Hampshire 6,842 1,400 54 6,896
New Jersey 10,464 5,057 46 10,510
New Mexico 3,484 25 18 3,502
New York 11,142 854 245 11,387
Newfoundland and 2,857 2,205 240 3,097
Labrador

North Carolina 4,855 1,578 80 4,935
North Dakota 3,415 1 49 3,464
Northwest Territories 993 110 12 1,005
Nova Scotia 3,115 634 581 3,696
Nunavut 1,089 66 7 1,096
Ohio 4,699 95 274 4,973
Oklahoma 1,030 224 60 1,090
Ontario 36,121 19,322 9,581 45,702
Oregon 19,637 6,773 6,292 25,929
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Province, State, # BBNA # BBNA #BBW total # records
Territory records all records 2010- records (BBNA all
years 2020 years &
BBW)

Pennsylvania 6,149 2,910 159 6,308
Prince Edward Island 1,519 149 187 1,706
Quebec 5,043 2,899 1,168 6,211
Rhode Island 377 161 45 422
Saskatchewan 1,598 557 314 1,912
South Carolina 532 4 27 559
South Dakota 3,475 675 138 3,613
Tennessee 800 293 42 842
Texas 4,060 827 223 4,283
Utah 10,110 374 52 10,162
Vermont 15,503 12,123 135 15,638
Virginia 4,997 3,675 151 5,148
Washington 13,473 1,588 7,143 20,616
West Virginia 5,375 3,824 33 5,408
Wisconsin 4,560 82 895 5,455
Wyoming 8,214 1,419 79 8,293
Yukon 8,368 2,521 3 8,371
Total # records 475,159 132,001 44,134 519,293
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Table A.S5. A comparison of the mean numbers of bee records, species richness, Menhinick’s

Index, and Shannon-Weiner species diversity index values in BBW as compared to BBNA all

years and BBNA 2010-2010 at three scales: province (including states and territories)(n=63),

100km x 100km grids (n=1485), and 10km x 10km grids (n=19314). The means were based on

the individual calculation for all species within each scale variable (e.g. for each province or

state) and dataset using only provinces or grids where there was at least one record amongst all

databases. Values presented here are mean + standard error (SE); see Tables S6, S7, S8 for the

individual values for each scale variable. Average Species Richness is calculated as the total

number of species, Average Menhinick’s Index is the total number species divided by the

square-root of the total number of individuals, and the Average Shannon-Weiner Index (species

diversity) is calculated as -1*sum(pi*Inpi), where pi is the proportion of each species. Statistical

tests conducted were either Independent samples T-tests (T) or Mann-Whitney U-tests (U).

Dataset Variable Scale  Dataset Mean SE Statistical test
comparison results

BBW vs # bee Provin BBNA allyears 86.241  26.605 U =1,047.000, p-
BBNA all records ce value <0.001
years BBW 127.732  21.474

BBW vs # bee Provin  BBNA 2010- 158.32  32.637 U =1,576.500, p-
BBNA records ce 2020 value = 0.047
2010-2020 BBW 127.732 21.474

BBW vs species Provin BBNA allyears 17.857 0.814 U =3,031.500, p-
BBNA all richness  ce value <0.001
years BBW 11.460  0.795

BBW vs species Provin BBNA 2010- 11.032 0.85 U = 1,946.000, p-
BBNA richness  ce 2020 value = 0.853
2010-2020 BBW 11460  0.795

BBW vs Menhinic  Provin  BBNA _allyears 0.306 0.018 U =199.000, p-
BBNA all k's Index ce value <0.001
years BBW 0.95 0.048

BBW vs Menhinic  Provin BBNA 2010- 0.299 0.028 U =242.500, p-
BBNA k's Index ce 2020 value <0.001
2010-2020 BBW 0.95 0.048
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Dataset Variable Scale  Dataset Mean SE Statistical test

comparison results

BBW vs species Provin BBNA allyears 1.959 0.062 U =2,401.000, p-

BBNA all diversity ce value = 0.177

years BBW 1.789 0.061

BBW vs species Provin  BBNA 2010- 1.434 0.089 T =-3.296, p-

BBNA diversity ce 2020 value = 0.001

2010-2020 BBW 1.789 0.061

BBW vs # bee 100km BBNA allyears 319.972 2251 U=

BBNA all records X 1,835,000.000, p-

years 100km BBW 29.72 3.338  value <0.001

BBW vs # bee 100km BBNA 2010- 88.89 10918 U=

BBNA records X 2020 1,020,000.000, p-

2010-2020 100km BBW 29.72 3.338  value <0.001

BBW vs species 100km BBNA _allyears 7.253 0139 U=

BBNA all richness  x 1,710,000.000, p-

years 100km BBW 2.923 0.109  value <0.001

BBW vs species 100km BBNA 2010 2 2.255 0.098 U =951,213.000,

BBNA richness  x 020 p-value <0.001

2010-2020 100km BBW 2.923 0.109

BBW vs Menhinic  100km BBNA allyears 0.835 0011 U=

BBNA all k's Index  x 2,114,000.000, p-

years 100km BBW 0.04 0.005  value <0.001

BBW vs Menhinic 100km BBNA 2010 2 0.024 0.004 U=

BBNA k's Index  x 020 1,099,000.000, p-

2010-2020 100km BBW 0.04 0.005 value = 0.625

BBW vs species 100km BBNA allyears 1.209 0.019 U=

BBNA all diversity X 1,582,000.000, p-

years 100km BBW 0.601 0.02 value <0.001

BBW vs species 100km BBNA_2010 2 0.061 0.008 U =678,257.500,

BBNA diversity X 020 p-value <0.001

2010-2020 100km BBW 0.601 0.02

BBW vs # bee 10km x BBNA allyears 2.36 0.094 U=

BBNA all records 10km 21,260,000,000.0

years BBW 0.219 0.011 00, p-value <
0.001

BBW vs # bee 10km x BBNA_2010- 0.655 0.05 U=

BBNA records 10km 2020 20,010,000,000.0

2010-2020 BBW 0.219 0.011 00, p-value <
0.001

BBW vs species 10km x BBNA allyears 2.444 0.019 U=

BBNA all richness 10km 285,700,000.000,

years BBW 0.766 0.012  p-value <0.001

BBW vs species 10km x BBNA_2010- 0.56 0.011 U=

BBNA richness ~ 10km 2020 162,900,000.000,

2010-2020 BBW 0.766 0.012  p-value <0.001




262

Dataset Variable Scale  Dataset Mean SE Statistical test
comparison results

BBW vs Menhinic  10km x BBNA _allyears 1.302 0.006 U=

BBNA all k's Index  10km 296,500,000.000,
years BBW 0.376 0.004  p-value <0.001
BBW vs Menhinic  10km x BBNA_2010- 0.295 0.005 U=

BBNA k'sIndex 10km 2020 165,000,000.000,
2010-2020 BBW 0.376 0.004  p-value <0.001
BBW vs species 10km x BBNA_allyears 0.517 0.004 U=

BBNA all diversity ~ 10km 247,300,000.000,
years BBW 0.171 0.003  p-value <0.001
BBW vs species 10km x BBNA_2010- 0.119 0.003 U=

BBNA diversity ~ 10km 2020 178,300,000.000,
2010-2020 BBW 0.171 0.003  p-value <0.001
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Table A.S6. The total Menhinick’s and Shannon-Weiner diversity indices (all species combined)

per province, state, and territory, by dataset. Menhinick's index is the number of species divided

by the square-root of the total number of individuals. Shannon-Weiner diversity index is pi *

Inpi where pi = relative individual species density.

Menhinick's index

Shannon-Weiner diversity

index

Province, State, BBNA all BBNA BBW BBNAall BBNA BBW
Territory years 2010-2020 years 2010-2020
Alabama 0.66 n/a 0.77 1.33 n/a 1.23
Alaska 0.13 0.17 1.30 2.47 2.36 1.86
Alberta 0.23 0.25 0.63 2.63 2.13 2.71
Arizona 0.21 0.71 1.90 1.43 1.96 1.61
Arkansas 0.56 0.92 0.94 1.40 1.01 1.50
British Columbia 0.30 0.69 0.73 2.45 2.43 2.61
California 0.10 0.45 0.91 2.21 1.89 2.07
Colorado 0.16 0.75 1.36 2.77 2.56 2.26
Connecticut 0.20 0.28 0.78 1.95 1.05 0.94
Delaware 0.51 0.87 0.87 1.55 1.12 0.96
District of Columbia 0.40 0.36 1.00 1.47 0.79 1.06
Florida 0.13 1.03 0.87 1.27 1.06 1.36
Georgia 0.41 0.73 0.88 1.61 1.08 1.41
Idaho 0.32 0.90 0.29 2.46 1.58 2.58
Illinois 0.17 0.51 0.76 1.97 1.80 1.75
Indiana 0.22 0.28 0.94 1.92 1.60 1.80
lowa 0.38 1.34 0.85 1.66 1.05 1.81
Kansas 0.29 n/a 1.17 1.68 n/a 1.84
Kentucky 0.37 0.61 1.04 0.95 0.46 1.57
Louisiana 0.54 n/a 1.03 1.33 n/a 1.18
Maine 0.36 0.34 0.83 2.09 1.53 2.23
Manitoba 0.54 1.18 0.80 2.50 1.68 2.10
Maryland 0.20 0.20 1.08 1.64 1.34 1.78
Massachusetts 0.15 0.15 0.88 1.84 1.14 1.35
Michigan 0.22 0.58 0.70 2.38 2.10 1.74
Minnesota 0.18 0.46 0.39 2.48 1.48 2.27
Mississippi 0.18 n/a 1.51 1.39 n/a 1.52
Missouri 0.18 1.41 0.80 1.70 1.26 1.95
Montana 0.23 0.36 1.16 2.65 2.63 2.29
Nebraska 0.30 1.60 0.28 1.90 1.71 1.53
Nevada 0.33 1.22 1.29 2.32 1.70 1.43
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Menhinick’s index Shannon-Weiner diversity
index

Province, State, BBNA all BBNA BBW BBNAall BBNA BBW
Territory years 2010-2020 years 2010-2020
New Brunswick 0.48 0.49 0.58 2.23 2.28 1.99
New Hampshire 0.22 0.35 095 2.09 1.53 1.38
New Jersey 0.17 0.13 0.88 1.48 1.12 1.43
New Mexico 0.30 1.20 1.18 2.31 1.46 1.35
New York 0.18 0.51 0.83 2.40 2.08 1.89
Newfoundland and 0.36 0.26 0.90 1.50 0.96 2.21
Labrador
North Carolina 0.22 0.28 1.12 2.08 1.40 1.89
North Dakota 0.41 1.00 1.57 2.00 0.00 2.14
Northwest Territories  0.67 1.53 1.73 2.38 2.51 1.54
Nova Scotia 0.29 0.52 0.50 2.30 2.32 2.03
Nunavut 0.30 0.62 0.76 1.23 1.18 0.41
Ohio 0.29 0.82 0.72 2.23 0.56 1.60
Oklahoma 0.28 0.27 0.65 1.12 0.76 1.43
Ontario 0.14 0.12 0.23 2.37 2.04 1.98
Oregon 0.18 0.19 0.30 2.35 1.34 2.54
Pennsylvania 0.20 0.19 0.79 154 0.78 1.75
Prince Edward Island  0.36 0.82 1.02 2.03 1.65 1.95
Quebec 0.35 0.32 0.59 2.57 2.13 2.27
Rhode Island 0.52 0.55 1.04 1.98 1.48 1.51
Saskatchewan 0.60 0.76 1.13 2.66 2.35 2.40
South Carolina 0.52 1.50 1.15 1.47 1.04 1.61
South Dakota 0.47 0.50 1.28 2.47 1.58 2.23
Tennessee 0.57 0.47 1.08 2.07 1.08 1.57
Texas 0.19 0.14 0.47 0.57 0.45 1.05
Utah 0.23 0.67 1.80 2.34 1.76 2.32
Vermont 0.14 0.12 1.03 2.01 1.75 1.86
Virginia 0.24 0.23 1.06 1.74 1.47 1.93
Washington 0.22 0.53 0.30 2.66 2.46 2.76
West Virginia 0.19 0.19 1.39 1.32 1.05 1.62
Wisconsin 0.30 0.77 0.60 1.74 0.54 2.30
Wyoming 0.25 0.48 1.69 2.31 2.35 2.36
Yukon 0.28 0.40 1.73 2.44 2.32 1.10

All data combined 0.07 0.12 021 331 2.87 3.07




265

Table A.S7. The total number of records, species, and the Menhinick’s and Shannon-Weiner
diversity indices (all species combined) per 100km x 100km grid, by dataset. Menhinick's index
is the number of species divided by the square-root of the total number of individuals. Shannon-

Weiner diversity index is pi * Inpi where pi = relative individual species density.

See separate Excel file for Table A.S7 (40pp; not included in page counts)

Table A.S8. The total number of records, species, and the Menhinick’s and Shannon-Weiner

diversity indices (all species combined) per 10km x 10km grid, by dataset. Menhinick’s index is

the number of species divided by the square-root of the total number of individuals. Shannon-

Weiner diversity index is pi * Inpi where pi = relative individual species density.

See separate Excel file (537pp; not included in page counts)
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Table A.S9. A comparison of the Extent of Occurrence (EOO) geographic range area and

difference in EOO areas per species between BBW dataset and the BBNA all years or BBNA

2010-2020 datasets. See the text for discussion about constraints with interpreting these values as

areas of usable range (e.g. the inclusion of areas in the EOO that are not suitable habitat).

EOO area (km?) Difference in EOO area (km?)
(BBW less BBNA)

Species BBNA all BBNA 2010- BBW BBW vs BBW vs

years 2020 BBNA all BBNA 2010-

years 2020

affinis 2,695,720 447577 1,284,220 -1,411,500 836,643
appositus 3,099,020 1,824,600 1,172,080 -1,926,940 -652,520
auricomus 4,240,090 2,591,170 2,433,400 -1,806,690 -157,770
bifarius 9,424,620 6,278,810 2,834,600 -6,590,020 -3,444,210
bimaculatus 5,787,300 3,834,660 5,336,340 -450,960 1,501,680
bohemicus 13,678,200 5,195,400 2,792,900 -10,885,300 -2,402,500
borealis 12,107,600 8,991,360 5,169,280 -6,938,320 -3,822,080
caliginosus 551,953 96,711 322,515 -229,438 225,804
centralis 8,611,140 4,958,690 2,518,260 -6,092,880 -2,440,430
citrinus 5,510,460 5,074,500 3,127,740 -2,382,720 -1,946,760
cockerelli 1,297 0 no records n/a n/a
crotchii 357,698 2,433 84,010 -273,688 81,577
cryptarum 6,548,630 2,256,180 4,962,840 -1,585,790 2,706,660
distinguendus 409,904 no records  no records n/a n/a
fervidus 17,952,500 13,776,700 8,705,000 -9,247,500 -5,071,700
flavidus 18,436,000 15,396,100 7,187,510 -11,248,490 -8,208,590
flavifrons 15,877,600 6,706,140 3,734,950 -12,142,650 -2,971,190
franklini 19,589 no records  no records n/a n/a
fraternus 4,545,830 1,937,690 2,141,730 -2,404,100 204,040
frigidus 15,756,600 12,405,800 5,614,210 -10,142,390 -6,791,590
griseocollis 9,462,960 6,635,110 7,403,930 -2,059,030 768,820
huntii 5,446,530 2,807,540 3,412,950 -2,033,580 605,410
impatiens 9,944,970 5,983,250 9,304,660 -640,310 3,321,410
insularis 15,523,800 13,186,400 6,698,170 -8,825,630 -6,488,230
jonellus 4,145,690 2,043,470 0 -4,145,690 -2,043,470
kirbiellus 16,069,500 6,066,480 1,884,860 -14,184,640 -4,181,620
kluanensis 11,114 8,415 no records n/a n/a
melanopygus 18,102,600 11,398,200 11,077,400 -7,025,200 -320,800
mixtus 16,760,700 5,564,230 2,863,910 -13,896,790 -2,700,320
morrisoni 2,999,980 1,008,850 1,304,430 -1,695,550 295,580
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EOO area (km?) Difference in EOO area (km?)
(BBW less BBNA)

Species BBNA all BBNA 2010- BBW BBW vs BBW vs

years 2020 BBNA all BBNA 2010-

years 2020

natvigi 7,790,570 4,132,230  no records n/a n/a
neoboreus 4,062,620 905,351  no records n/a n/a
nevadensis 6,337,480 4,118,470 4,662,030 -1,675,450 543,560
occidentalis 10,346,600 5,282,160 5,895,740 -4,450,860 613,580
pensylvanicus 9,180,680 6,813,980 5,762,510 -3,418,170 -1,051,470
perplexus 10,668,500 8,795,900 3,994,910 -6,673,590 -4,800,990
polaris 13,735,400 8,260,170 0 -13,735,400 -8,260,170
rufocinctus 14,327,000 11,602,000 7,611,200 -6,715,800 -3,990,800
sandersoni 8,832,360 7,416,070 3,581,700 -5,250,660 -3,834,370
sitkensis 5,680,490 2,236,540 1,182,750 -4,497,740 -1,053,790
sp. no records no records 22,812,300 n/a n/a
suckleyi 13,958,500 8,292,670 3 -13,958,497 -8,292,667
sylvicola 23,973,300 23,973,300 12,311,800 -11,661,500 -11,661,500
ternarius 10,445,900 6,800,730 7,123,760 -3,322,140 323,030
terricola 13,094,000 7,910,660 6,933,690 -6,160,310 -976,970
vagans 14,299,700 7,175,190 7,991,690 -6,308,010 816,500
vagans, no records no records 6,055,720 n/a n/a
sandersoni or
perplexus
vandykei 748,521 505,566 240,012 -508,509 -265,554
variabilis 5,944,340 no records  no records n/a n/a
vosnesenskii 1,428,890 557,806 1,014,040 -414,850 456,234
vosnesenskii or no records no records 831,586 n/a n/a
caliginosus
all species 31,862,000 26,323,600 25,840,000 -6,022,000 -483,600

combined
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Table A.S10. A comparison of the number of 100km x 100km grids: with records per species per dataset; where BBW confirms the
presence of a species in BBNA all years (i.e. in both BBNA and BBW); where BBW shows novel recent persistence (i.e. present
historically in BBNA all years but only found in the last decade through BBW); with unique grids over the combined all years and
2010-2020 datasets due to the BBW dataset; and the total number of girds in the combined BBNA all years + BBW and BBNA 2010-
2020 + BBW datasets. This latter measure can also be used to calculate the total range size by multiplying the number of grids per

combined dataset by 100km x 100km.

Comparison  total # grids per dataset  # grids # grids where # unique # unique # grids # grids
of 100km x where BBW shows novel gridsdue gridsdue withany with any
100km grids BBW recent to BBW to BBW records in recordsin
being tested confirms  persistence* over all over 2010- combined combined
per Bombus presence* years 2020 all years  2010-
species data 2020 data
Datasets BBNA BBNA BBW BBW in BBW insame grid  BBWonly BBWonly BBW or BBW or
being all 2010- same grid as BBNA all years, vsBBNA  vs BBNA  BBNAall BBNA
compared years 2020 as BBNA  when no BBNA all years 2010-2020 years 2010-

all years 2010-2020 present 2020
affinis 178 23 30 23 7 7 14 185 37
appositus 173 46 67 59 41 8 49 181 95
auricomus 221 31 63 52 43 11 54 232 85
bifarius 292 99 111 99 50 12 62 304 161
bimaculatus 325 130 217 163 78 54 132 379 262
bohemicus 263 22 5 2 1 3 4 266 26
borealis 277 104 151 126 72 25 97 302 201
caliginosus 44 7 20 18 15 2 17 46 24
centralis 243 78 90 71 47 19 66 262 144

citrinus 189 64 46 29 15 17 32 206 96
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Comparison  total # grids per dataset  # grids # grids where # unique # unique # grids # grids
of 100km x where BBW shows novel gridsdue gridsdue withany  withany
100km grids BBW recent to BBW to BBW records in recordsin
being tested confirms  persistence* over all over 2010- combined combined
per Bombus presence* years 2020 all years  2010-
species data 2020 data
Datasets BBNA BBNA BBW BBW in BBW insame grid BBWonly BBWonly BBW or BBW or
being all 2010- same grid as BBNA all years, vs BBNA  vs BBNA  BBNAall BBNA
compared years 2020 as BBNA  when no BBNA all years 2010-2020  years 2010-

all years 2010-2020 present 2020
cockerelli 2 1 0 0 0 0 0 2 1
crotchii 35 3 9 9 6 0 6 35 9
cryptarum 104 57 28 16 4 12 16 116 73
distinguendus 3 0 0 0 0 0 0 3 0
fervidus 587 169 187 167 106 20 126 607 295
flavidus 311 97 57 35 24 22 46 333 143
flavifrons 350 123 97 79 49 18 67 368 190
franklini 7 0 0 0 0 0 0 7 0
fraternus 214 15 33 28 21 5 26 219 41
frigidus 253 83 16 8 1 8 9 261 92
griseocollis 501 170 299 256 161 43 204 544 374
huntii 269 81 126 101 69 25 94 294 175
impatiens 400 171 326 265 126 61 187 461 358
insularis 361 105 90 64 41 26 67 387 172
jonellus 95 38 1 1 1 0 1 95 39
kirbiellus 113 34 7 3 1 4 5 117 39
kluanensis 5 4 0 0 0 0 0 5 4
melanopygus 283 102 104 71 42 33 75 316 177
mixtus 308 117 89 75 37 14 51 322 168
morrisoni 183 10 37 29 25 8 33 191 43
natvigi 50 10 0 0 0 0 0 50 9
neoboreus 41 12 0 0 0 0 0 41 12
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Comparison  total # grids per dataset  # grids # grids where # unique # unique # grids # grids
of 100km x where BBW shows novel gridsdue gridsdue withany  withany
100km grids BBW recent to BBW to BBW records in recordsin
being tested confirms  persistence* over all over 2010- combined combined
per Bombus presence* years 2020 all years  2010-
species data 2020 data
Datasets BBNA BBNA BBW BBW in BBW insame grid BBWonly BBWonly BBW or BBW or
being all 2010- same grid as BBNA all years, vs BBNA  vs BBNA  BBNAall BBNA
compared years 2020 as BBNA  when no BBNA all years 2010-2020  years 2010-

all years 2010-2020 present 2020
nevadensis 250 64 120 86 64 34 98 284 162
occidentalis 369 131 98 93 45 5 50 374 181
pensylvanicus 558 100 134 124 88 10 98 568 198
perplexus 252 138 127 84 30 43 73 295 211
polaris 113 30 1 0 0 1 1 114 30
rufocinctus 402 142 191 145 79 46 125 448 267
sandersoni 184 85 20 11 8 9 17 193 102
sitkensis 114 26 29 29 19 0 19 114 45
sp. 0 0 419 0 0 419 419 419 419
suckleyi 202 11 2 2 2 0 2 202 13
sylvicola 309 84 36 19 12 17 29 326 112
ternarius 300 149 235 178 75 57 132 357 281
terricola 383 135 155 127 50 28 78 411 213
vagans 406 200 179 140 57 39 96 445 296
vagans, 0 0 149 0 0 149 149 149 149
sandersoni or
perplexus
vandykei 56 16 18 15 8 3 11 59 27
variabilis 94 0 0 0 0 0 0 94 0
vosnesenskii 98 31 73 60 34 13 47 111 78
vosnesenskii 0 0 49 0 0 49 49 49 49

or caliginosus
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Comparison  total # grids per dataset  # grids # grids where # unique # unique # grids # grids
of 100km x where BBW shows novel gridsdue gridsdue withany  withany
100km grids BBW recent to BBW to BBW records in recordsin
being tested confirms  persistence* over all over 2010- combined combined
per Bombus presence* years 2020 all years  2010-
species data 2020 data
Datasets BBNA BBNA BBW BBW in BBW insame grid BBWonly BBWonly BBW or BBW or
being all 2010- same grid as BBNA all years, vs BBNA  vs BBNA  BBNAall BBNA
compared years 2020 as BBNA  when no BBNA all years 2010-2020  years 2010-

all years 2010-2020 present 2020
all species 1434 619 842 792° 384" 50" 398" 1484 1017

717" 543" 604" 764"

* Number of grids out of the 100km x 100km grids in BBNA all years (excluding grids unique to BBW)
* Number of grids overall (grids compared with all species combined)
“ Number of grids for at least one species (grids compared for each species separately)

Table A.S11. Total number of bumble bee records per plant species (lowest level of identification), per bumble bee (Bombus) species

(including BBNA all years, BBNA 2010-2020, BBW databases) Note: plant "species™ in brackets are not actually plant species but

descriptions; these were not included in analyses.

See separate Excel file (432pp; not included in page counts)
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Figure A.S1.

a) Bombus affinis
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b) Bombus appositus
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c) Bombus auricomus
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d) Bombus bifarius
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e) Bombus bimaculatus
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f) Bombus bohemicus
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h) Bombus caliginosus
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j) Bombus citrinus
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[) Bombus cryptarum
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n) Bombus flavidus

0) Bombus flavifrons




p) Bombus fraternus
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q) Bombus frigidus
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r) Bombus griseocollis
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s) Bombus huntii
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t) Bombus impatiens

u) Bombus insularis
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v) Bombus jonellus
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x) Bombus melanopygus
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z) Bombus morrisoni
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bb) Bombus occidentalis
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cc) Bombus pensylvanicus
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dd) Bombus perplexus
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ff) Bombus rufocinctus
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hh) Bombus sitkensis
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jj) Bombus sylvicola
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Il) Bombus terricola
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nn) Bombus vandykei
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pp) all Bombus species combined
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Figure A.S1. Location of individual BBW records (green stars) as compared to the Extent of
Occurrence area (EOO) for BBNA all years (black grid, left map) and BBNA 2010-2020 (blue
grid, right map), for each of the 41 bumble bee (Bombus) species (Figs A.S1:a-pp) that were

present in all three datasets.
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Figure A.S2 (following page). A comparison of A) the total number of plant genera recorded per
bumble bee species in BBNA all years (black bars), BBNA 2010-2020 (yellow bars), and BBW
(green bars) datasets, and B) the percent unique plant genera recorded from BBW as compared to

BBNA all years (blue bars) and BBNA 2010-2020 (orange bars).

Figure A.S3 (following pages). A comparison of A) the total number of plant species recorded
per bumble bee species in BBNA all years (black bars), BBNA 2010-2020 (yellow bars), and
BBW (green bars) datasets, and B) the percent unique plant species recorded from BBW as

compared to BBNA all years (blue bars) and BBNA 2010-2020 (orange bars)
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Appendix B. Supplementary Information for Chapter 4

Table B.S1. Bumble bee (Bombus spp.) related field survey data collected by authors and

colleagues across Ontario and Quebec, from 1907-2016, not already incorporated into the

Bumble Bees of North America database.

Data Source Number Notes
of
records
Erika Nardone 2013 MSc thesis, as 353 Surveys in Algonquin Park as part of a study
shared with V. MacPhail March 2017 on impact of logging on bees, 2010-2011
(Nardone 2013)
Sheila Colla 2016 surveys 306 Targeted B. affinis and general Bombus
surveys in 2016
Victoria MacPhail and Mariya 50 Remainder of the summer habitat and
Cheryomina 2013 surveys parasites Bombus study survey data for 2013
not previously incorporated into the Bumble
Bees of North America database
Victoria MacPhail 2007 MSc thesis 23 Observations as part of a study of insect
(MacPhail 2007) visitors to wild roses, Rosa spp., 2004-2007
Victoria MacPhail 2013 American 65 Observations as part of a study of insect
Water Willow surveys visitors to American Water Willow (Justicia
americana) in 2013
Victoria MacPhail 2013 Colicroot 110 Observations as part of a study of insect
surveys visitors to Colicroot (Aletris farinosa) in 2013
Victoria MacPhail 2013 Dense 110 Observations as part of a study of insect
Blazing Star surveys visitors to Dense Blazing Star (Liatris
spicata) in 2013
Victoria MacPhail 2013 Hoary 137 Observations as part of a study of insect
Mountain Mint surveys visitors to Hoary Mountain Mint
(Pycnanthemum incanum) in 2013
Victoria MacPhail 2013 White Wood 20 Observations as part of a study of insect
Aster surveys visitors to White Wood Aster (Eurybia
divaricata) in 2013
Victoria MacPhail 2014 surveys 3453 Includes targeted B. terricola spring queen
surveys, targeted B. affinis surveys, summer
habitat and parasites Bombus study surveys,
general Bombus summer surveys
Victoria MacPhail 2015 surveys 1911 Includes targeted B. terricola spring queen

surveys, targeted B. affinis surveys, and
general Bombus summer surveys

Cont’d.
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Data Source Number Notes
of
records

Includes targeted B. terricola and B.

Victoria MacPhail 2016 surveys 5267 bohemicus spring and summer surveys,
targeted B. affinis surveys, and general
Bombus summer surveys

Grand Total 11805

Table B.S2. A comparison of the number of observations of B. pensylvanicus in Ontario and
Quebec between historic (1907-2006) and recent (2007-2016) periods as found in each of three
data sets. BBNA is the Bumble Bees of North America database maintained by LLR. See the
text for more details on the data sources. Note that 20 of the 32 B. pensylvanicus observations by

MacPhail and Colla were from three visits to a single site in 2016.

Data source # historic B. # recent B. pensylvanicus
pensylvanicus 1907-2006  2007-2016

BBNA 279 8

Bumble Bee Watch 0 10

MacPhail and Colla 0 32

Total 279 50
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Table B.S3. A comparison of the Extent of Occurrence (EOQ) for B. pensylvanicus from

historic (1907-2006) to recent (2007-2016) periods in Ontario and Quebec using three different

techniques as described in the text: the GeoCat program (which automatically included the Great

Lakes area), ArcGIS including the Great Lakes area, and ArcGIS clipping to the land area of

Ontario and Quebec (thus excluding the Great Lakes area).

EOO EOO Changein EOO Change Amount of
Historic Recent EOO Combined between Historic
period, period, between , 1907- Historic Range still
1907-2006 2007-2016 periods 2016 (339 and Occupied
(279 (50 (km?) records) Recent (%)
records) records) (km?) periods
(km?) (km?) (%)

GeoCat - 103,084.97 64,821.53 38,263.45 108,552.63 37.12 62.88

incl Great

Lakes

ArcGIS - 107,732.47 67,579.84  40,152.62 113,353.49 40.38 59.62

incl Great

Lakes

ArcGIS - 90,458.52 60,282.09 30,176.43 95,378.76  36.80 63.20

clipped to

land

difference  -4,647.49  -2,758.32 -1,889.18  -4,800.86  -3.26 3.26

in GeoCat

vs ArcGis

incl Great

Lakes

difference  12,626.46  4,539.44 8,087.02 13,173.87 0.32 -0.32

in GeoCat

vs ArcGis

clipped to

land

difference  17,273.95  7,297.75 9,976.20 17,974.74  3.58 -3.58

in ArcGIS

incl Great

Lakes vs

clipped to

land
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Table B.S4. A comparison of the results of a series of Z-tests evaluating the difference in
proportion of B. pensylvanicus to all other Bombus spp. on a per decade basis from 1907 to 2016

in Ontario and Quebec. N = sample size; P is significant (*) if <0.05.

Deca 1907 1917 1927 1937 1947 1957 1967 1977 1987 1997

des VS VS VS VS VS VS VS VS VS VS
1917 1927 1937 1947 1957 1967 1977 1987 1997 2007

N 738 528 223 493 1013 1279 1353 1425 2753 13883

Z 1.636 2570 4.026 1.665 2462 0.482 0.253 3.378 0.881 1.136

value

P 0.102 0.01* 0.00* 0.096 0.014 0.63 0.801 0.001 0.379 0.256

value * *

Table B.S5. A comparison of the number of B. pensylvanicus individuals per caste found in

Ontario and Quebec from 1907-2016. Only records with a known caste were included (n=314).

Caste Number of Percent of
bees Total

Queen or Worker 3 1.0

Male 41 13.1

Queen 93 29.6

Worker 177 56.4
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'? Legend

@ Bombus sites, surveyed by researchers, not yet in BBNA database

Figure B.S1. Field survey data collected by authors and colleagues across Ontario and Quebec,

from 1907-2016, not already incorporated into the Bumble Bees of North America database.
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Figure B.S2. The mean number of B. pensylvanicus bees (all castes combined) observed per
month (+/- SE) from 1907-2016 in Ontario and Quebec. Only records with a known month of

observation were included (n=325).
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Figure B.S3. The number of B. pensylvanicus bees observed per month and per caste from 1907-
2016 in Ontario and Quebec. Only records with both month of observation and caste available

were included (n=310)(i.e. three records with no months were not included here).
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Figure B.S4. The number of unique Bombus survey events that occurred per decade in Ontario
and Quebec within the range of B. pensylvanicus. One unique event includes all observations

from the same observer at the same site and on the same date.
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Figure B.S5. The average number (+/- se) of Bombus counted per unique survey event that

occurred per decade in Ontario and Quebec within the range of B. pensylvanicus.
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Figure B.S6. A comparison amongst data sets of the number of unique Bombus survey events
that occurred in the 2007-2016 decade in Ontario and Quebec within the range of B.
pensylvanicus. The first column only includes records from the citizen science program Bumble
Bee Watch, the second includes all other records (various sources), and the third shows all
records combined. One unique event includes all observations from the same observer at the

same site and on the same date.
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Figure B.S7. A comparison amongst data sets of the average number (+/- se) of Bombus counted
per unique survey event that occurred in the 2007-2016 decade in Ontario and Quebec within the
range of B. pensylvanicus. The first column only includes records from the citizen science
program Bumble Bee Watch, the second includes all other records (various sources), and the

third shows all records combined.
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Appendix C. Supplementary Information for Chapter 5

Table C.S1. The number and relative percent abundance of bumble bee (Bombus spp) records,
and their expert review status per province, territory, or state, as used in our analyses of user
accuracy. Ranks relate the standing of each jurisdiction regarding the relative percent of records
submitted from that jurisdiction, with a higher relative abundance yielding a higher rank; tied

ranks indicate identical percentages.

Province, State, # Invalid # Total # Relative Rank
Territory Records Verified Records Percent

Records Abundance
Alabama 43 13 56 0.25 30
Alaska 0 2 2 0.01 58
Alberta 63 1077 1140 5.14 6
Arizona 9 3 12 0.05 50
Arkansas 3 3 6 0.03 51
British Columbia 36 474 510 2.30 8
California 167 217 384 1.73 9
Colorado 11 60 71 0.32 26
Connecticut 4 2 6 0.03 51
Delaware 1 14 15 0.07 47
District of Columbia 0 3 3 0.01 58
Florida 28 11 39 0.18 34
Georgia 25 16 41 0.19 32
Idaho 68 2234 2302 10.39 4
Illinois 22 102 124 0.56 17
Indiana 22 32 54 0.24 31
lowa 8 74 82 0.37 24
Kansas 8 6 14 0.06 48
Kentucky 7 7 14 0.06 48
Louisiana 4 1 5 0.02 56
Maine 6 82 88 0.40 19
Manitoba 17 222 239 1.08 12
Maryland 20 50 70 0.32 26
Massachusetts 19 68 87 0.39 21
Michigan 34 154 188 0.85 15
Minnesota 96 1458 1554 7.01 5
Mississippi 5 2 7 0.03 51

Missouri 16 23 39 0.18 34
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Province, State, # Invalid # Total # Relative Rank
Territory Records Verified Records Percent

Records Abundance
Montana 10 29 39 0.18 34
Nebraska 6 33 39 0.18 34
Nevada 13 5 18 0.08 44
New Brunswick 10 179 189 0.85 15
New Hampshire 7 29 36 0.16 38
New Jersey 12 22 34 0.15 39
New Mexico 3 4 7 0.03 51
New York 16 74 90 0.41 18
Newfoundland and 13 59 72 0.32 26
Labrador
North Carolina 19 41 60 0.27 29
North Dakota 1 16 17 0.08 44
Northwest Territories 4 2 6 0.03 51
Nova Scotia 19 324 343 1.55 11
Ohio 60 150 210 0.95 13
Oklahoma 4 14 18 0.08 44
Ontario 611 5536 6147 27.74 1
Oregon 190 2347 2537 11.45 3
Pennsylvania 26 60 86 0.39 21
Prince Edward Island 0 43 43 0.19 32
Quebec 20 360 380 1.71 10
Rhode Island 1 3 4 0.02 56
Saskatchewan 15 192 207 0.93 14
South Carolina 15 14 29 0.13 40
South Dakota 1 2 3 0.01 58
Tennessee 11 11 22 0.10 42
Texas 49 28 77 0.35 25
Utah 8 16 24 0.11 41
Vermont 2 82 84 0.38 23
Virginia 26 63 89 0.40 19
Washington 115 3310 3425 15.46 2
West Virginia 1 1 2 0.01 58
Wisconsin 33 616 649 2.93 7
Wyoming 3 16 19 0.09 43
Yukon 0 2 2 0.01 58
Grand Total 2066 20093 22159 100.00
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Table C.S2. Results of Chi-Square (x2) or Fisher’s Exact Tests (FET) and Cohen’s Kappa values
investigating the agreement between user submitted and expert identifications for all records in
the Bumble Bee Watch citizen science program, as evaluated on a per species basis. When the
Chi-square test assumption of expected values being >0 and 80% of records being >5 were not
met, FET were conducted to provide the significance (p) values. No statistic value is provide by
the FET in these instances. As there were no verified records of B. variabilis despite user-
submitted identifications, no Chi-Square or Kappa values could be calculated. The degrees of
freedom associated with the Chi-Square and FET statistic was 1 for each species when
considered separately and 1681 for all species together. Significance levels for Kappa were
<0.0001 except for B. bohemicus, which was 0.96. Cohen's Kappa values as per Landis and
Koch (1977): < 0: no observer agreement; 0-0.20: slight observer agreement; 0.21-0.40: fair
observer agreement; 0.41-0.60: moderate observer agreement; 0.61-0.80: substantial observer

agreement; 0.81-1: almost perfect observer agreement.

Bombus species  y2 or FET Chi-Square (y2)  Sig. Value for 2 or Kappa

test? Value FET Value
affinis 12 9,144.64 <0.0001 0.59
appositus FET n/a <0.0001 0.47
auricomus FET n/a <0.0001 0.49
bifarius 12 12,117.38 <0.0001 0.74
bimaculatus 12 8,479.12 <0.0001 0.62
bohemicus FET n/a 1.00 0.00
borealis FET n/a <0.0001 0.69
caliginosus FET n/a <0.0001 0.29
centralis 12 10,162.21 <0.0001 0.67
citrinus FET n/a <0.0001 0.44
crotchii FET n/a <0.0001 0.57
cryptarum FET n/a <0.0001 0.54
fervidus 12 7,999.26 <0.0001 0.60

flavidus FET n/a <0.0001 0.54
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Bombus species  y2 or FET Chi-Square (y2)  Sig. Value for y2 or Kappa
test? Value FET Value
flavifrons ¥2 7,436.08 <0.0001 0.57
franklini x2 7,374.49 <0.0001 0.57
fraternus FET n/a <0.0001 0.63
frigidus FET n/a <0.0001 0.37
griseocollis 12 8,985.17 <0.0001 0.63
huntii ¥2 12,375.80 <0.0001 0.74
impatiens 12 9,755.90 <0.0001 0.65
insularis FET n/a <0.0001 0.32
kirbiellus FET n/a <0.0001 0.04
melanopygus x2 6,553.95 <0.0001 0.54
mixtus x2 11,561.33 <0.0001 0.71
morrisoni FET n/a <0.0001 0.60
nevadensis x2 11,989.26 <0.0001 0.74
occidentalis FET n/a <0.0001 0.71
pensylvanicus FET n/a <0.0001 0.41
perplexus 12 9,995.50 <0.0001 0.67
rufocinctus $2 4,183.46 <0.0001 0.43
sandersoni FET n/a <0.0001 0.05
sitkensis FET n/a <0.0001 0.42
sp. n/a n/a n/a n/a
suckleyi FET n/a 0.002 0.04
sylvicola FET n/a <0.0001 0.22
ternarius 12 12,490.63 <0.0001 0.74
terricola FET n/a <0.0001 0.72
Unknown (Non- n/a n/a n/a
Bombus) n/a
vagans x2 4,287.25 <0.0001 0.44
vagans, n/a n/a n/a n/a
sandersoni or
perplexus
vandykei FET n/a <0.0001 0.43
variabilis n/a n/a n/a n/a
vosnesenskii 12 10,642.80 <0.0001 0.69
vosnesenskii or ~ FET n/a 0.017 0.01
caliginosus
Grand Total FET n/a <0.0001 0.50
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Table C.S3. Results of pair-wise Bonferroni-corrected post-hoc tests investigating the

relationship between the percent agreement and veracity for each bumble bee species (Bombus

spp.) submitted to Bumble Bee Watch as compared to the IUCN Red List value for the species.

The IUCN red list status is for each species across its North American range, as per a July 30,

2019 export (IUCN 2019). IUCN ranks are as follows: 1 — Least Concern; 2 — Vulnerable; 3 —

Endangered; 4 — Critically Endangered. Species that are considered Data Deficient by the IUCN

are not presented here. Bombus variabilis and B. franklini were removed from analyses involving

veracity there were no verified records in the dataset. Marginal mean difference refers to the

difference in marginal means between each associated IUCN Red List pair.

Percent Agreement (total n= 37)

Veracity (total n= 35)

Marginal

IUCN Red IUCN Red Marginal Mean Mean Std.

List List Difference Std. Error Sig. Difference Error  Sig.

1 2 18.95 10.230 .384 -15.33 5.802  0.049
3 18.02 4.943 .002 -40.50 4845  <0.001
4 46.19 12.669 .002 -44.50 3.078  <0.001

2 1 -18.95 10.230 .384 15.33 5.802  0.049
3 -.93 9.081 1.000 -25.17 6.359  <0.001
4 27.24 14.783 392 -29.17 5.142  <0.001

3 1 -18.02 4.943 .002 40.50 4845  <0.001
2 .93 9.081 1.000 25.17 6.359  <0.001
4 28.17 11.761 .100 -4.00 4.031 1.000

4 1 -46.19 12.669 .002 44.50 3.078  <0.001
2 -27.24 14.783 .392 29.17 5142  <0.001
3 -28.17 11.761 .100 4.00 4.031 1.000
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Table C.S4. A comparison of the means and estimates of the marginal means resulting from

descriptive statistics and pair-wise Bonferroni-corrected post-hoc tests investigating the

relationship between the percent agreement and veracity for each bumble bee species (Bombus

spp.) submitted to Bumble Bee Watch as compared to the IUCN Red List value for the species.

The IUCN red list status is for each species across its North American range, as per a July 30,

2019 export (IUCN 2019). IUCN ranks are as follows: 1 — Least Concern; 2 — Vulnerable; 3 —

Endangered; 4 — Critically Endangered. Species that are considered Data Deficient by the IUCN

are not presented here. Bombus variabilis and B. franklini were removed from analyses involving

veracity there were no verified records in the dataset.

IUCN Variable Standard Mean Estimated
Red List Marginal Means
Mean Std. N Mean Std.
Deviation Error

1 Percent 61.5224 245961 25 61.52 4.828
Agreement

2 Percent 425514 25.81192 7 42.57 9.019
Agreement

3 Percent 43.78 2.36174 2 43.50 1.061
Agreement

4 Percent 15.1967 24.70269 3 15.33 11.713
Agreement

1 Veracity 53.9892 14.71108 25 54.00 2.889

2 Veracity 69.34 13.36435 6 69.33 5.031

3 Veracity 94.445 7.85596 2 94.50 3.889

4 Veracity 98.26 2.46073 2 98.50 1.061
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Table C.S5. A comparison of the species names as submitted by users to those species names
later assigned by experts. The original user submitted species names are along the first row, and
the expert identifications are down the first column. Numbers in each cell relate to the total
numbers of records that match both the user-submitted species name in the first row and the

expert-reviewed species name (or category) in the first columns of the table.

See separate Excel file (3pp; not included in page counts)



313

Table C.S6. The number of unique users who submitted records for each expert-reviewed
species, and summary statistics related to the number of observations per person and per species.

The number of minimum records per user excluded zeros.

Verified # # Mean# SE Max # Min # Relative
Species Verified Unique Records Mean Records Records Percent
Records Users /User Per Per Max
User User Records Per
User
affinis 345 136 2.54 036 31 1 8.99
appositus 198 82 2.41 029 19 1 9.60
auricomus 105 61 1.72 026 13 1 12.38
bifarius 1387 213 6.51 089 134 1 9.66
bimaculatus 1340 281 4.77 034 77 1 5.75
bohemicus 2 1 2.00 2 2 100.00
borealis 328 180 1.82 0.18 23 1 7.01
caliginosus 60 22 2.73 0.65 11 1 18.33
centralis 476 175 2.72 031 31 1 6.51
citrinus 94 54 1.74 026 11 1 11.70
crotchii 9 5 1.80 058 4 1 44.44
cryptarum 107 70 1.53 019 12 1 11.21
fervidus 563 273 2.06 0.16 32 1 5.68
flavidus 125 45 2.78 048 16 1 12.80
flavifrons 919 219 4.20 055 76 1 8.27
fraternus 20 12 1.67 025 5 1 25.00
frigidus 20 12 1.67 058 8 1 40.00
griseocollis 1520 268 5.67 0.24 84 1 5.53
huntii 659 267 2.47 020 27 1 4.10
impatiens 4205 1447 2.91 033 271 1 6.73
insularis 240 87 2.76 044 25 1 10.42
kirbiellus 3 3 1.00 000 1 1 33.33
melanopygus 599 263 2.28 0.17 33 1 5.51
mixtus 731 217 3.37 043 54 1 7.39
morrisoni 46 34 1.35 011 3 1 6.52
nevadensis 442 241 1.83 0.14 20 1 4.52
occidentalis 242 96 2.52 032 22 1 9.09
pensylvanicus 93 72 1.29 011 6 1 6.45
perplexus 297 153 1.94 024 28 1 9.43
rufocinctus 937 256 3.66 0.19 32 1 3.42
sandersoni 21 17 1.24 014 3 1 14.29
sitkensis 113 40 2.83 055 16 1 14.16
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Verified # # Mean# SE Max # Min # Relative

Species Verified Unique Records Mean Records Records Percent
Records Users /User Per Per Max

User User Records Per
User

suckleyi 1 1 1.00 1 1 100.00

sylvicola 46 15 3.07 1.17 14 1 30.43

ternarius 1154 250 4.62 0.28 100 1 8.67

terricola 279 136 2.05 026 21 1 7.53

Unknown/non 2037 248 8.21 0.03 20 1 0.98

-Bombus

vagans 539 200 2.70 0.28 28 1 5.19

vagans, 292 187 1.56 0.16 22 1 7.53

sandersoni or

perplexus

vandykei 69 19 3.63 076 11 1 15.94

vosnesenskii 1112 243 4.58 0.25 53 1 4.77

vosnesenskii 384 241 1.59 0.09 11 1 2.86

or caliginosus

totals overall 22159 4912 451 0.27 448 1 2.02

all species
combined
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Avrticle C.S1. Excerpt of the Bumble Bee Watch citizen science user survey sent to participants
in the Bumble Bee Watch program in Winter 2018 to gain input into their demographics,
motivations for participating, perceptions of the program, and perceived ease of identification (or

difficulty) for identifying bumble bees from photos.
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2/28/2018 Bumble Bee Watch - User Survey

Bumble Bee Watch - User Survey

The purpose of this survey is to help build an understanding of the application of citizen
science in biodiversity conservation. As Bumble Bee Watch.org has generated a remarkable
database of bumble bee records, researchers would like to know more about the website’s
users. Learning about participants demographics, motives, and confidence with bumble bee
identification is highly useful for researchers who wish to understand the possibly wide-ranging
application of citizen science in the future.

* Required

Informed Consent to Participate in Research
Please read the informed consent form and indicate your consent below.

yif
By checking the box below you indicate that you have read the form, below, and
consent to participate in the BumbleBeeWatch.org survey conducted by York
University research team. *

Check all that apply.

| consent.

https://docs.g oogle.com/forms/d/1UfKLRecmaUPFwzI0iNzZXOGN8JHBJjaZiRsROnhNi T 30/edit 1715
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Informed Consent Form
Date: September 26, 2017

Study Name: Assessing the Quality of BumbleBeeWatch.org Data

Researcher name:

Faculty of Environmental Studies

York University

Health, Nursing and Environmental Studies Building
4700 Keele St, Toronto, ON

Ma3J 1P3

Principal Investigator: Dr. Sheila Colla. PhD, srcolla@yorku.ca
Student Researchers: Shelby Gibson, MES candidate, sgibs94@yorku.ca, Madeleine Lavin,
MES candidate, mlavin@yorku.ca, Victoria MacPhail, PhD candidate, vmacphail@gmail.com

Purpose of the Research:

You are being asked to participate in a short (5-10 min) survey because you are a user of
BumbleBeeWatch.org. York University is a partner on the BumbleBeeWatch program, and are
interested in assessing the quality of data collected through citizen science programs, such as
BumbleBeeWatch. Part of this research requires an understanding of who is submitting
observations to the database, as well as their motives for doing so. We do not foresee any risks or
discomfort from your participation in the research. The benefit of participation is that the
research in biodiversity conservation. There is no requirement to complete the survey, and once a
participant has begun the survey they reserve the right to quit at any point. The survey responses
remain anonymous unless permission is given otherwise. As this survey is being administered
online, we are relying on this informed consent letter (as opposed to a signature form) to fulfill
the duty of informed consent. Further, the data collected may be used in a peer-reviewed
publication and conference presentations in the future.

Voluntary Participation and Withdrawal:

Your participation in the study is completely voluntary and you may choose to stop
participating at any time. Your decision not to volunteer, to stop participating, or to refuse to
answer particular questions will not influence the nature of the ongoing relationship you may
have with the researchers or study staff, or the nature of your relationship with York University
either now, or in the future. In the event you withdraw from the study, all associated data
collected will be immediately destroyed wherever possible. Should you wish to withdraw after
the study, you will have the option to also withdraw your data up until the analysis is complete.

Confidentiality:
The method of documentation is through an online Google Survey, which will have an
Student Version 08.09.17 1

https://docs.g oogle.com/forms/d/1UfKLRecmaUPFwzI0iNzZXOGN8JHBJjaZiRsROnhNi T 30/edit 2115
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option to export the data collected in to an Excel spreadsheet. The data will be stored on a locked
laptop for two years. After this, it may be added to an online data repository. This will allow for
the data to be used in future research which may look at citizen science in biodiversity
conservation.

Unless you choose otherwise, all information you supply during the research will be held
in confidence and unless you specifically indicate your consent, your name will not appear in any
report or publication of the research. Your data will be safely stored on a locked laptop, and only
the research team will have access to this information. By September 2019, the data will either
be destroyed or added to an online data repository. Confidentiality will be provided to the fullest
extent possible by law.

The data collected in this research project may be used — in an anonymized form - by
members of the research team in subsequent research investigations exploring similar lines of
inquiry. Such projects will still undergo ethics review by the HPRC, our institutional REB. Any
secondary use of anonymized data by the research team will be treated with the same degree of
confidentiality and anonymity as in the original research project. If data is added to a repository.
it will be done so in an anonymized manner.

The researcher(s) acknowledge that the host of the online survey (e.g., Qualtrix, Survey Monkey
etc.) may automatically collect participant data without their knowledge (i.e., IP addresses.)
Although this information may be provided or made accessible to the researchers, it will not be
used or saved without participant’s consent on the researcher’s system. Further, “Because this
project employs e-based collection techniques, data may be subject to access by third parties as a_
result of various security legislation now in place in many countries and thus the confidentiality
and privacy of data cannot be guaranteed during web-based transmission.

Questions About the Research? If you have questions about the research in general or about
your role in the study, please feel free to contact me at sgibs94(@yorku.ca , or my supervisor, Dr.
Sheila Colla at srcolla@yorku.ca. You may also contact the Graduate Program in Faculty of
Environmental Studies at York University, (416)-736-5252.

This research has received ethics review and approval by the Delegated Ethics Review
Committee, which is delegated authority to review research ethics protocols by the Human
Participants Review Sub-Comumittee, York University’s Ethics Review Board, and conforms to
the standards of the Canadian Tri-Council Research Ethics guidelines. If you have any questions
about this process, or about your rights as a participant in the study, please contact the Sr.
Manager & Policy Advisor for the Office of Research Ethics, 5* Floor, Kaneff Tower, York
University (telephone 416-736-5914 or e-mail ore@vorku.ca).

Legal Rights and Signatures:

1 consent to participate in the BumbleBeeWatch.org survey
conducted by York University research team. I have understood the nature of this project and
wish to participate. 1am not waiving any of my legal rights by signing this form. My signature

Student Version 08.09.17
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below indicates my consent.

Signature Date
Participant

M\b Lk
November 28 2017

Principal Investigator

Additional consent:
1. Consent to waive anonymity

L consent to the use of my name in the publications
arising from this research.

Signature Date
Participant Name:

Student Version 08.09.17 3

Biogeographic Region

https://docs.g oogle.com/forms/d/1UfKLRecmaUPFwzI0iNzZXOGN8JHBJjaZiRsROnhNi T 30/edit 415



320

2/28/2018 Bumble Bee Watch - User Survey

Species Identification Difficulty (from photo)

Please only answer the question for your biogeographic region (East/West).

Species are to be ranked from 1 to 5, where 1 is considered easy to identify and 5 is
considered difficult to identify from a photograph.

Easy - you are able to spot one or two characteristics that allow you to quickly identify the
species without consulting any reference materials.

Medium - you spend time looking for key characteristics to help you identify the species, and
may or may not consult reference materials.

Difficult - you spend a considerable amount of time searching for key characteristics and
consult reference materials to help identify the species.

https://docs.g oogle.com/forms/d/1UfKLRecmaUPFwzI0iNzZXOGN8JHBJjaZiRsROnhNi T 30/edit 115
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Mark only one oval per row.
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Bumble Bee Watch - User Survey

19. EASTERN REGION ONLY. (For the Western region, please skip to the following
question). Please identify the level of difficulty in identifying the following
species from a photograph; 1 is easy and 5 is difficult.

D
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00/0/0/00000/ 0 0]/00 000000000

s
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20. WESTERN REGION ONLY. (For the Eastern region, please return to the previous
question). Please identify the level of difficulty in identifying the following
species from a photograph; 1 is easy and 5 is difficult.
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5 - Most
Difficult

6 -
N/A
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Confusing Bumble Bee
(perplexus)

Red-belted Bumble Bee
(rufocinctus)
Sanderson Bumble Bee
(sandersoni)

Suckley Cuckoo Bumble
Bee (suckleyi)

Forest Bumble Bee
(sylvicola)

Tri-coloured Bumble Bee
(ternarius)

Half-black Bumble Bee
(vagans)

Van Dyke Bumble Bee
(vandykei)
Vosnesensky Bumble
Bee (vosnesenski)

Final Thoughts

Thank you!

Thanks very much for taking the time to participate in the Bumble Bee Watch User Survey!

Powered by
E Google Forms
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Bumble Bee Watch - User Survey
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1.
Please feel free to leave any additional comments about this survey or about
Bumble Bee Watch in general.
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participating, perceptions of the program, and perceived ease of identification (or difficulty) for

identifying bumble bees from photos.
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Bumble Bee Watch - Expert Survey

Bumble Bee Watch - Expert Survey

You have been selected as an individual with expertise in bumble bee identification.

We are attempting to build an understanding of the application of citizen science in biodiversity
conservation. As Bumble Bee Watch.org has generated a remarkable database of bumble bee
records, researchers would like to know more about the website’s users. Learning about
participants demographics, motives, and confidence with bumble bee identification is highly
useful for researchers who wish to understand the possibly wide-ranging application of citizen
science in the future.

As a complement to a separate survey of Bumble Bee Watch users, we are asking for your
participation in our expert survey. (If you are interested in taking the user survey, please
follow the link at the end of this survey). We are interested in your feedback regarding the
ease or difficulty of identifying various species in the eastern and/or western regions of North
America, whether you have verified submissions for us in the past or if you are interested in
verifying submissions for us in the future, and your thoughts on the kinds of research
questions that we might ask with the data collected through Bumble Bee Watch.

* Required

Informed Consent to Participate in Research
Please read the informed consent form and indicate your consent below.

1.
By checking the box below you indicate that you have read the form, below, and

consent to participate in the BumbleBeeWatch.org survey conducted by York
University research team. *

Check all that apply.

[ "] Iconsent.

Additional Consent

Consent to waive anonymity

"Please indicate your consent below to the use of your name in the publications
arising from this research. *

Mark only one oval.

) Waive anonymity

Remain anonymous

https://docs.g oog le.com/forms/d/1TheUupXU XLjBg Bfm0a4fVRWRVaP42Wo5e_t2UnhcB3g Q/edit
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Informed Consent Form
Date: September 26, 2017

Study Name: Assessing the Quality of BumbleBeeWatch.org Data

Researcher name:

Faculty of Environmental Studies

York University

Health, Nursing and Environmental Studies Building
4700 Keele St, Toronto, ON

Ma3J 1P3

Principal Investigator: Dr. Sheila Colla. PhD, srcolla@yorku.ca
Student Researchers: Shelby Gibson, MES candidate, sgibs94@yorku.ca, Madeleine Lavin,
MES candidate, mlavin@yorku.ca, Victoria MacPhail, PhD candidate, vmacphail@gmail.com

Purpose of the Research:

You are being asked to participate in a short (5-10 min) survey because you are a user of
BumbleBeeWatch.org. York University is a partner on the BumbleBeeWatch program, and are
interested in assessing the quality of data collected through citizen science programs, such as
BumbleBeeWatch. Part of this research requires an understanding of who is submitting
observations to the database, as well as their motives for doing so. We do not foresee any risks or
discomfort from your participation in the research. The benefit of participation is that the
research in biodiversity conservation. There is no requirement to complete the survey, and once a
participant has begun the survey they reserve the right to quit at any point. The survey responses
remain anonymous unless permission is given otherwise. As this survey is being administered
online, we are relying on this informed consent letter (as opposed to a signature form) to fulfill
the duty of informed consent. Further, the data collected may be used in a peer-reviewed
publication and conference presentations in the future.

Voluntary Participation and Withdrawal:

Your participation in the study is completely voluntary and you may choose to stop
participating at any time. Your decision not to volunteer, to stop participating, or to refuse to
answer particular questions will not influence the nature of the ongoing relationship you may
have with the researchers or study staff, or the nature of your relationship with York University
either now, or in the future. In the event you withdraw from the study, all associated data
collected will be immediately destroyed wherever possible. Should you wish to withdraw after
the study, you will have the option to also withdraw your data up until the analysis is complete.

Confidentiality:
The method of documentation is through an online Google Survey, which will have an
Student Version 08.09.17 1
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option to export the data collected in to an Excel spreadsheet. The data will be stored on a locked
laptop for two years. After this, it may be added to an online data repository. This will allow for
the data to be used in future research which may look at citizen science in biodiversity
conservation.

Unless you choose otherwise, all information you supply during the research will be held
in confidence and unless you specifically indicate your consent, your name will not appear in any
report or publication of the research. Your data will be safely stored on a locked laptop, and only
the research team will have access to this information. By September 2019, the data will either
be destroyed or added to an online data repository. Confidentiality will be provided to the fullest
extent possible by law.

The data collected in this research project may be used — in an anonymized form - by
members of the research team in subsequent research investigations exploring similar lines of
inquiry. Such projects will still undergo ethics review by the HPRC, our institutional REB. Any
secondary use of anonymized data by the research team will be treated with the same degree of
confidentiality and anonymity as in the original research project. If data is added to a repository.
it will be done so in an anonymized manner.

The researcher(s) acknowledge that the host of the online survey (e.g., Qualtrix, Survey Monkey
etc.) may automatically collect participant data without their knowledge (i.e., IP addresses.)
Although this information may be provided or made accessible to the researchers, it will not be
used or saved without participant’s consent on the researcher’s system. Further, “Because this
project employs e-based collection techniques, data may be subject to access by third parties as a_
result of various security legislation now in place in many countries and thus the confidentiality
and privacy of data cannot be guaranteed during web-based transmission.

Questions About the Research? If you have questions about the research in general or about
your role in the study, please feel free to contact me at sgibs94(@yorku.ca , or my supervisor, Dr.
Sheila Colla at srcolla@yorku.ca. You may also contact the Graduate Program in Faculty of
Environmental Studies at York University, (416)-736-5252.

This research has received ethics review and approval by the Delegated Ethics Review
Committee, which is delegated authority to review research ethics protocols by the Human
Participants Review Sub-Comumittee, York University’s Ethics Review Board, and conforms to
the standards of the Canadian Tri-Council Research Ethics guidelines. If you have any questions
about this process, or about your rights as a participant in the study, please contact the Sr.
Manager & Policy Advisor for the Office of Research Ethics, 5* Floor, Kaneff Tower, York
University (telephone 416-736-5914 or e-mail ore@vorku.ca).

Legal Rights and Signatures:

1 consent to participate in the BumbleBeeWatch.org survey
conducted by York University research team. I have understood the nature of this project and
wish to participate. 1am not waiving any of my legal rights by signing this form. My signature

Student Version 08.09.17
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below indicates my consent.

Signature Date
Participant

S/ [‘z\ L"IJL

Principal Investigator

November 28, 2017

Additional consent:
1. Consent to waive anonymity

I consent to the use of my name in the publications
arising from this research.

Signature Date
Participant Name:

w

Student Version 08.09.17

Introductory Questions
Please state your name and biogeographic region.

"Please state your name: *

https://docs.g oog le.com/forms/d/1TheUupXU XLjBg Bfm0a4fVRWRVaP42Wo5e_t2UnhcB3g Q/edit 41
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13. Comments on using data from Bumble Bee Watch:

Species ldentification Difficulty (from photo)

Please note that the following species lists are separated by biogeographic region (East/West).
Please feel free to rank the ease or difficulty for the eastern and/or western biogeographic
regions.

Species are to be ranked from 1 to 5, where 1 is considered easy to identify and 5 is
considered difficult to identify from a photograph.

Easy - you are able to spot one or two characteristics that allow you to quickly identify the
species without consulting any reference materials.

Medium - you spend time looking for key characteristics to help you identify the species, and
may or may not consult reference materials.

Difficult - you spend a considerable amount of time searching for key characteristics and
consult reference materials to help identify the species.

https://docs.g oog le.com/forms/d/1TheUupXU XLjBg Bfm0a4fVRWRVaP42Wo5e_t2UnhcB3g Q/edit 7
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Bumble Bee Watch - Expert Survey

14. EASTERN REGION ONLY. (For the Western region, please skip to the following
question). Please identify the level of difficulty in identifying the following
species from a photograph; 1 is easy and 5 is difficult.
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15. WESTERN REGION ONLY. (For the Eastern region, please return to the previous
question). Please identify the level of difficulty in identifying the following
species from a photograph; 1 is easy and 5 is difficult.
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Bumble Bee Watch - User Survey

Please click the following link if you'd also like to participate in the Bumble Bee Watch User
Survey:

https://goo.gl/forms/FYIXAn7 Jgt4Pcad02

Final Thoughts

6.
Please feel free to leave any additional comments about this survey or about
Bumble Bee Watch in general.

Thank you!
Thanks very much for taking the time to participate in the Bumble Bee Watch Expert Survey!

Powered by
B Google Forms
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Table D.S1. Results for a series of Kruskal-Wallis test statistics for the comparisons of user

survey respondents’ motivations by age of respondent, number of years participating in Bumble

Bee Watch, or by area they live (urban/suburban/rural). Significance levels were adjusted to

control False Discovery Rates (FDRs) using the Benjamini-Hochberg procedure.

Grouping Motivation Kruskal- df p- FDR-
Variable Wallis H value  adjuste
Statistic d p-
value

Respondent Age To contribute to scientific data 6.01 7 0.539 0.774
collection

Respondent Age | want to learn what species are 9.471 7 0221 0.553
on my property

Respondent Age | want to learn how to identify the 2.456 7 0.93 0.999
biodiversity in my region

Respondent Age Participation in special events 0.653 7 0.999 0.999
(e.g. Great Canadian Bumble Bee
Count or a Bioblitz)

Respondent Age | have a personal interest in 11.155 7 0.132 0.493
bumble bees

Respondent Age I'm worried about bees and want ~ 10.793 7 0.148 0.493
to help save them

Respondent Age To share the uncommon or rare 13.058 7 0.071 0.493
species | find

Respondent Age The preservation of ecological 3.75 7 0.808 0.999
diversity

Respondent Age Recreational learning/Family 6.572 7 0.475 0.774
activity

Years To contribute to scientific data 9.414 4 0.052 0.173

Participated collection

Years | want to learn what species are 1.501 4 0.826  0.899

Participated on my property

Years | want to learn how to identify the 1.07 4 0.899 0.899

Participated biodiversity in my region

Years Participation in special events 3.417 4 0.491 0.739

Participated (e.g. Great Canadian Bumble Bee
Count or a Bioblitz)

Years | have a personal interest in 6.755 4 0.149 0.373

Participated

bumble bees
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Grouping Motivation Kruskal- df p- FDR-
Variable Wallis H value  adjuste
Statistic d p-
value

Years I'm worried about bees and want  4.831 4 0305 0.610

Participated to help save them

Years To share the uncommon or rare 10.846 4  0.028 0.140

Participated species | find

Years The preservation of ecological 3.222 4 0521 0.739

Participated diversity

Years Recreational learning/Family 2.804 4 0591 0.739

Participated activity

Area Live In To contribute to scientific data 0.041 2 0.98 0.980
collection

Area Live In | want to learn what species are 9.036 2 0011 0.090
on my property

Area Live In | want to learn how to identify the 1.966 2 0.374  0.637
biodiversity in my region

Area Live In Participation in special events 8.029 2 0.018 0.090
(e.g. Great Canadian Bumble Bee
Count or a Bioblitz)

Area Live In | have a personal interest in 2.921 2 0.232  0.580
bumble bees

Area Live In I'm worried about bees and want  0.758 2 0.685 0.761
to help save them

Area Live In To share the uncommon or rare 6.894 2 0.032 0.107
species | find

Area Live In The preservation of ecological 1.923 2 0.382 0.637
diversity

Area Live In Recreational learning/Family 1.36 2 0.507 0.724

activity
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Table D.S2. Categories where user survey respondents (n=210) suggested improvements could
be made to the Bumble Bee Watch program. Note that respondents could make multiple
suggestions so the total of all categories do not add up to 100%. Free-form responses were
initially coded into one of 29 categories by three individuals, and then further collapsed into

these six categories.

Suggested Improvement Areas Number of  Percent of
Respondents Respondents

Happy - nothing to improve, can't think of anything 33 15.7

Feedback to users - faster identifications, more details on their 58 27.6

submissions/identifications

IT related - improvement of app and website functionality, 88 41.9

submission process (including showing real photos in addition
to the diagrams)

Tools and resources - program usage tips, identification 40 19.0
guides, local species lists, tutorials/workshops, etc. (for bees

and plants)

Increased communication - results, reports, general feedback, 24 11.4
etc.

Other ideas, comments 20 95
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Table D.S3: A comparison of the relative percentage of user survey respondents, database
records, and combined population per United States state or territory and Canadian province or
territory (“jurisdiction”). There were 342 survey respondents and 23,017 records in the Bumble
Bee Watch database as of February 28, 2018, covering both the United States and Canada. The
United States population during the 2015-2017 period was 321,004,407 (excluding Puerto
Rico)(United States Census Bureau 2017a), and the Canadian population in 2016 was

35,151,728 (Statistics Canada 2017b), for a combined population of 356,156,135.

Federal Jurisdiction Percent of User Percent of Records Percent of Combined

Survey in Database National Populations
Respondents
Alabama 0.88 0.47 1.36
Alaska 0.00 0.25 0.21
Alberta 3.80 4.99 1.14
Arizona 0.58 0.16 1.91
Arkansas 0.29 0.11 0.84
British Columbia 4.97 5.21 1.31
California 2.92 2.87 10.95
Colorado 4.39 1.72 1.53
Connecticut 0.58 0.10 1.01
Delaware 0.00 0.17 0.26
District of Columbia 0.29 0.03 0.19
Florida 1.75 0.51 5.69
Georgia 0.29 0.36 2.86
Hawalii 0.00 0.00 0.40
Idaho 1.75 1.48 0.47
Illinois 1.46 1.26 3.61
Indiana 0.88 0.68 1.86
lowa 0.88 0.49 0.88
Kansas 0.29 0.17 0.82
Kentucky 0.00 0.22 1.24
Louisiana 0.00 0.05 1.31
Maine 1.46 2.36 0.37
Manitoba 1.17 1.89 0.36
Maryland 2.05 0.73 1.68
Massachusetts 1.17 0.85 1.91

Michigan 2.63 2.35 2.79




Federal Jurisdiction

Percent of User

Percent of Records

Percent of Combined

Survey in Database National Populations
Respondents

Minnesota 7.60 6.05 1.54
Mississippi 0.00 0.06 0.84
Missouri 1.75 0.58 1.71
Montana 0.29 1.24 0.29
Nebraska 0.29 0.49 0.53
Nevada 0.00 0.25 0.81
New Brunswick 0.29 0.66 0.21
New Hampshire 0.29 0.53 0.37
New Jersey 0.58 0.40 2.52
New Mexico 0.58 0.16 0.59
New York 2.63 1.49 5.56
Newfoundland and 0.00 0.31

Labrador 0.15
North Carolina 0.58 0.87 2.82
North Dakota 0.00 0.15 0.21
Northwest Territories 0.29 0.13 0.01
Nova Scotia 1.75 1.63 0.26
Nunavut 0.00 0.03 0.01
Ohio 3.22 1.99 3.26
Oklahoma 0.00 0.33 1.09
Ontario 18.13 26.50 3.78
Oregon 5.85 5.73 1.13
Pennsylvania 1.46 1.33 3.59
Prince Edward Island 0.29 0.19 0.04
Quebec 1.46 1.04 2.29
Rhode Island 0.00 0.06 0.30
Saskatchewan 3.22 1.92 0.31
South Carolina 0.00 0.33 1.37
South Dakota 0.29 0.21 0.24
Tennessee 1.46 0.40 1.85
Texas 1.17 1.58 7.70
Utah 0.88 0.40 0.84
Vermont 1.17 0.85 0.18
Virginia 1.75 1.02 2.35
Washington 4.39 7.07 2.01
West Virginia 0.00 0.08 0.52
Wisconsin 3.51 3.95 1.62
Wyoming 0.29 0.49 0.16
Yukon 0.00 0.05 0.01
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Table D.S4. Statistical output for a series of Dunn’s post-hoc tests comparing the total number
of years the user survey respondents have participated in Bumble Bee Watch to their reported
number (class) of submissions. Significance levels were adjusted to control False Discovery

Rates (FDRs) using the Benjamini-Hochberg procedure.

Years of Test p-value FDR-
Participation Statistic adjusted p-
Comparisons value
year 0 &1 9.04 0.49 0.49
year 0 & 2 -20.01 0.09 0.10
year 0 & 3 -63.96 <0.001 <0.001
year 0 & 4 -104.86 <0.001 <0.001
year 1 &2 -29.05 0.02 0.02
year 1 & 3 -73.01 <0.001 <0.001
year1l &4 -113.90 <0.001 <0.001
year2 & 3 -43.96 <0.001 0.001
year2 & 4 -84.85 <0.001 <0.001

year 3 & 4 -40.90 0.04 0.054
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