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Synopsis From its genesis in the Victorian era as an activity for the elite to today’s emphasis on “Big Data” and continu-
ous monitoring, natural history has a prominent role in scientific discoveries for many fields. However, participation in field
expeditions is limited by funding, space, accessibility, and safety constraints. Others have detailed the active exclusion of minori-
tized groups from field expeditions and harm/discrimination faced by the few who do participate, but we provide one solution
to broaden opportunities for participation in natural history: Virtual Expeditions. Virtual Expeditions are broadly defined as
open source, web-facilitated research activities designed to analyze bulk-collected digital data from field expeditions that re-
quire visual human interpretation. We show two examples here of their use: an independent research-based analysis of snake
behavior and a course-based identification of invertebrate species. We present a guide to their appropriate design, facilitation,
and evaluation to result in research grade data. We highlight the importance of open source technology to allow for longevity in
methodology and appropriate quality control measures necessary for projects that include dozens of researchers over multiple
years. In this perspective, we specifically emphasize the prominent role that open source technology plays in making these expe-
riences feasible and scalable. Even without explicit design as broadening participation endeavors, Virtual Expeditions allow for
more inclusive participation of early career researchers with specific participatory limitations. Not only are Virtual Expeditions
integral to the large-scale analysis necessary for field expeditions that generate impossibly enormous datasets, but they can also
be effective facilitators of inclusivity in natural history research.

Bringing natural history research into
the modern age
Historically, observational records of plants and ani-
mals provided the fodder for developing fundamen-
tal theories in evolution and ecology (Kingsland 2005;
Sunderland et al. 2012; Raby 2017). More recently, these
same organismal data have been revealing complex
and emergent patterns at the interfaces between ecol-
ogy and evolution (Schmidly 2005). Despite their clear
and lasting importance, natural history data have al-
ways been challenging to collect and organize (Stork
et al. 2019).

Victorian-era naturalists on biological field expedi-
tions collected as much data as possible in a short
amount of time through drawings, specimen collec-
tions, and written descriptions (Camerini 1997; Levine
2003). Because there was so much information to doc-
ument during the voyage, interpretation largely began
after the voyage amongst groups of colleagues. With the
invention of new sensors (e.g., radio telemetry, digital
cameras, GPS, accelerometers, and microphones), the
volume of data collected during field expeditions is in-
creasing exponentially. Because of the ever-increasing
and overwhelming volume of data, many of the find-
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ings from recent expeditions are still waiting to be in-
terpreted. In other fields, “Big Data” approaches lever-
age automated tools to organize and interpret many of
these datasets (Davis and Grayson 2007). However, au-
tomation, especially machine learning, relies on having
informative baseline expectations to perform pattern
matching (e.g., Valletta et al. 2017). Thus, these tools are
largely incapable of making novel discoveries or work-
ing with highly variable data. Additionally, these tools
can be particularly difficult to use with photographs
and videos because they may be easily fooled by dis-
ruptions in learned patterns (Hendrycks et al. 2021).
Visual human observation remains the gold standard
for spotting partially occluded individuals, identifying
species, and describing behaviors (Gaston and O’Neill
2004).

To address the growing gap between the rate of
data collection on field expeditions and the ability
of automated tools to analyze these data, particularly
photographic data, we developed Virtual Expedition
undergraduate research experiences (UREs). While
there are many existing methods for post-field expe-
dition data processing, we have identified one set of
tools currently under-used by biologists: open source
solutions. The purpose of this perspective is to high-
light open source tools for use in this application,
which grew from a discussion fostered by the SICB
2022 “Open Source Solutions in Experimental Design”
Symposium, and to encourage colleagues to explore the
adoption of open source methods in their own research
and classroom environments. We demonstrate the
implementation of the Virtual Expedition framework
and the role of open source tools in their administra-
tion through two different case studies: a course-based
undergraduate research experience (CURE) to sort and
identify brackish marsh invertebrates from microscope
photographs and an apprenticeship-based research
experience to digitize snake anti-predator behaviors
from video data. These case studies were developed
independently from one another yet converged on the
majority of their open source implementation traits in
their administration. Therefore, we felt that describing
the Virtual Expedition format would be useful to those
hoping to broaden participation in this area of STEM
education.

First, we trained experts how to collect useful data
during their in-person expeditions or relied on exist-
ing government protocols (i.e., developed by agency
labs, such as the US Geological Survey or the National
Oceanic and Atmospheric Administration, for inter-
nal quality control) to generate uniform, well-annotated
data. After the in-person expedition, we recruited and
trained undergraduate students to analyze the data, ac-
cess primary literature, form and test hypotheses us-

ing the data they generated, and present their findings.
Student-generated data had high accuracy (i.e., passed
quality assurance and quality control thresholds at the
same rate as trained professionals), likely due to care-
ful examination with fewer time constraints and access
to keys and ethograms. In contrast, interpretation dur-
ing in-person expeditions often relies on the individual’s
expertise and rapid interpretation (McBride et al. 2012).
The Virtual Expeditions have resulted in several impor-
tant natural history findings, including peer-reviewed
literature with student authors and contributions to lo-
cal and state agency management plans (Davis Rabosky
and Moore et al. 2021). Each case study here has sup-
ported the analyses of thousands of photo/video obser-
vations, representing a portion, but not all, of the sam-
ples contained within the associated field expedition.
On average, over 1000 student hours were logged for the
invertebrate identification Virtual Expedition per aca-
demic term. Students who participated in Virtual Ex-
peditions were more demographically diverse than the
members of the in-person expeditions who collected
the data. Virtual Expeditions have proven to be a use-
ful way to accurately analyze natural history data using
open source tools while serving as a gateway into more
research opportunities for participants.

Virtual Expeditions have scalable formats
There are two models of undergraduate research: the
CURE and the apprenticeship-based URE (Kardash
2000; Auchincloss et al. 2014). While they share char-
acteristics, the main difference is the instructor–student
ratio, which influences the relationship between men-
tor and mentees (Laursen et al. 2012). This distinguish-
ing characteristic also controls scalability, making it im-
portant to identify the goals of a Virtual Expedition be-
fore selecting a format (see Lei and Chuang 2009 for
a cost-benefit analysis of research experience types).
Traditionally, the URE model facilitates greater student
independence, particularly in hypothesis development
and analyzing data to address student research ques-
tions (Hunter et al. 2007; Linn et al. 2015). However,
there are ways to mitigate the larger scale of a CURE
to facilitate similar learning objectives. If the instruc-
tor aims to impact a greater proportion of the under-
graduate student population, a CURE model is advanta-
geous (Auchincloss et al. 2014; Kinner and Lord 2018).
The higher mentor–mentee ratio can be overcome with
strategic use of peer mentoring using a dyad structure,
which has been shown to maintain low-stress account-
ability (Fantuzzo et al. 1989). If the instructor is able
to recruit more mentors to aid in a Virtual Expedi-
tion (i.e., postdoctoral fellows or graduate students),
an URE model may become feasible at a larger scale
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and foster deeper connections between students and
facilitators (see multi-mentor models in Lopatto et al.
2014).

Whichever model is selected, we advocate for incor-
porating four main components into the Virtual Ex-
pedition research experience. In our own case studies,
each of these components is feasible regardless of course
size, but implementation within a CURE requires addi-
tional scheduling and data management.

(1) Students must receive uniform, comprehensive train-
ing for the research task, including samples that rep-
resent the diversity of potential analyses they will
be required to perform (see onboarding documents
in Supplementary Materials). Students must also re-
ceive the opportunity during this training to work
through sample data independently with feedback,
not just in a follow-along tutorial (i.e., “learning by
doing,” see Reese 2011). It is important that this
training includes a description of the data set gen-
eration methods and sources, emphasizing the sig-
nificance of open source methods and sharing. For
example, the snake behavior URE requires students
to watch videos of diverse behaviors they will be ex-
pected to score, work through their answers with
each other, and then confirm with the mentor to in-
crease confidence and accuracy in IDs. In the inver-
tebrate identification CURE, students are required
to create dichotomous keys to distinguish between
the top 10 most commonly encountered species in
the sample set and explain their process for finding
identifying traits from the literature. This compo-
nent is ideally available in a recorded and written
format to allow students to reference back to it. This
is especially important for maintaining the avail-
ability of information in a virtual format (Cohen et
al. 2021).

(2) Students must have the opportunity to develop their
own hypotheses from the dataset, even if there
is a broader goal identified by the field research
team. However, this must be a guided process so
that students may build the requisite confidence
to make their own discoveries (Lee 2012). There
are diverse methods of guiding scientific discov-
ery, but we advocate for weekly mentor–mentee
meetings (URE), or peer mentoring paired with at
least biweekly short instructor meetings (CURE)
in the early stages of hypothesis development. Stu-
dents can build confidence in hypothesis gener-
ation by discussing observations from their own
datasets and asking questions about published re-
search throughout the semester with their mentors.
This component is ideally linked with a final pre-

sentation to researchers outside of the immediate
project.

(3) Students must participate in project meetings with
structured elements for professional development.
We advocate for students to experience a diver-
sity of typical “lab meeting” styles, including fa-
cilitated journal clubs, informal “meet and greets”
with individuals in diverse career paths (i.e., ca-
reer panel or visiting researcher talk), group statis-
tics lessons and troubleshooting with code, and sci-
ence communication workshops. These types of in-
teractions provide exposure to many skills and ca-
reer paths beyond their undergraduate courses and
the multiple facets of being a scientist beyond re-
search (Jelks and Crain 2020). The snake behavior
URE was conducted in the context of the Univer-
sity of Michigan Undergraduate Research Opportu-
nity Program, which provided seminar-based work-
shops to aid in professional development. It can
also be helpful to create and review mentor–mentee
contracts for the work, which allows students to
communicate their needs and expectations for the
project and for mentoring (e.g., Pfund et al. 2005).
This is also an opportunity for students to realize
that research experiences include significant profes-
sional development and “soft” skills, such as inter-
personal communication and organization, which
are often undervalued yet simultaneously dispro-
portionately held by individuals who fit within ex-
isting societal norms (e.g., native English language,
meritocracy-based communication, and neurotyp-
ical experiences). For a discussion on the value of
interpersonal skills in undergraduate education, see
Hora et al. (2018). We advocate for completion or
contract grading (see Hiller and Hietapelto 2001)
if this is being presented as a CURE or an URE
for a letter grade, because we strongly believe re-
search experiences should have confidence building
as their primary goal.

(4) Students must prepare a final presentation, prefer-
ably in the format of an academic conference pre-
sentation. In the invertebrate CURE, students fre-
quently listed a primary professional goal as “see-
ing a research project from start to finish.” This is
supported by the efficacy of project-based learn-
ing in the classroom setting (Garnjost and Lawter
2019). Being responsible for evaluating their hy-
potheses provides another opportunity for indepen-
dence and increases satisfaction with the research
task. We also advocate for including role models
outside of the institution or lab where the research is
being conducted, particularly focusing on collabo-
rators directly involved with the instructor. This re-
veals how important networks of collaborators are
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for job prospects and career-long relationships, and
gives students the sense that they are entering into a
rich network that welcomes their ideas (Hernandez
et al. 2018).

Communication and built-in redundancy
are key to data collection and
management
In this section, we refer frequently to “field researchers”
and “student researchers” to distinguish between those
involved in field data collection and virtual data analy-
ses, respectively.

In-person data collection

In-person field expeditions remain one of the most ef-
ficient strategies to collect natural history data on a va-
riety of species for a specific location. We recommend
contacting natural history museums (e.g., the snake
behavior URE was in collaboration with the Univer-
sity of Michigan Museum of Zoology Division of Her-
petology Expeditions) and governmental agencies (e.g.,
the invertebrate identification CURE was in collabora-
tion with the US Geological Survey Invertebrate Zool-
ogy Laboratory) to coordinate with planned or ongoing
field expeditions. To maximize the mutual benefit to re-
searchers at all stages of data collection and analysis, it
is important to determine the data collection logistics of
the expedition and to explain the broader context and
significance of the intended study. Understanding the
day-to-day routines of the field expedition can help de-
sign methods to minimize the added hassle of collecting
additional data types and learn how expedition lead-
ers plan to organize their data and keep track of their
records during the expedition. This information is es-
sential for designing compatible data collection meth-
ods so that downstream virtual data analyses can run
smoothly.

In large, museum-associated excursions, each field
researcher may be planning to collect data for their own
projects as well as for many other projects in which they
do not plan to participate in the future. There is usually
a series of formal or informal training sessions for vari-
ous types of data collection. We recommend creating a
training program for all field researchers, including an
interactive demonstration, a video tutorial, and a writ-
ten document that is available both on the cloud and as
a laminated printout. If the field researchers understand
how the data will be analyzed by student researchers and
the main challenges of the analyses, the data will be of
higher quality.

It is essential to have a comprehensive data manage-
ment plan. Ensure that everyone is on the same page
about how to record, label, save, and backup the data.

If possible, automate this process before the expedi-
tion. For example, ensure that all cameras are synchro-
nized to a specific time zone and date. This can in-
form the recovery of data organization if something
goes wrong in the future. If paper notes are taken, take
photographs with a camera or phone and save them to
multiple devices. If connection to the internet is avail-
able, use automated software to upload data to Cloud-
based storage solutions (e.g., Google Drive, Dropbox,
Box Sync) or develop an app interface to collect data
(e.g., Rife and Poland 2014). If connection to the In-
ternet is unavailable, provide multiple solid-state hard
drives that can save redundant copies of the data and
pack them in separate pieces of luggage. Immediately
upon return from the field, examine the data, back up
to a Cloud-based storage solution, and check for any in-
consistencies. If there are any questions from student re-
searchers, it is best to ask the researchers that undertook
the field expedition while the trip is still fresh in their
minds.

Virtual data analysis administration
Requiring student researchers to participate in data
management has several benefits. First, it helps them
understand how data management facilitates efficient
and reliable access to data for downstream analyses.
When both field and student researchers are famil-
iar with the data management system, it is easy to
ask for a second opinion on a specific item, even
when everyone is working remotely. Second, it can help
student researchers track their own progress, report
progress to supervisors, and minimize redundant ob-
servations. When student researchers report progress
during weekly meetings, it can help develop a sense of
friendly competition that motivates student researchers
to keep up with the pace of their peers. Third, stu-
dent researchers can be encouraged to share data to
test hypotheses, thereby participating in collaborative
research. This act of data sharing helps student re-
searchers understand the significance of their contribu-
tion to the overall project goals.

Storing and organizing data in the cloud allows stu-
dent researchers to access the data from any physical lo-
cation. Additionally, it allows for asynchronous partic-
ipation in the research experience, further broadening
who can engage with the data (e.g., other time zones,
home responsibilities, or personal preference in work-
ing hours). However, providing editing access to many
individuals will inevitably result in accidental deletions.
In the case studies presented here, we found a few key
strategies to mitigate data disasters. For more discussion
of data management practices in the classroom, and
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with respect to accessibility in those spaces, see Mooney
et al. (2014) and Reisner et al. (2014).

(1) Create a read-only repository of raw data that the stu-
dent researchers cannot access. Then, make a copy of
the repository that the student researchers can edit.
After each semester, copy the data generated by the
student researchers into the read-only repository.

(2) Provide a personal subfolder for each student or stu-
dent pair. This will allow students to temporarily
store data that they are in the process of analyzing.
Generally, when personal subfolders are used, ac-
cidental deletions are limited to each student’s own
folder and do not affect others.

(3) Use automated software that uploads data gener-
ated on a laptop to the cloud. For example, Drop-
box has a desktop sync application that can selec-
tively synchronize the student’s subfolder to their
desktop. This ensures that a file with any amount
of progress that is saved in the folder will be up-
loaded to the cloud. If a student researcher’s com-
puter breaks down during the semester, having the
data automatically upload to the cloud can help pre-
serve the data and allow the student to maintain
progress. This also helps to mitigate the loss of data
when researchers depart quickly at the end of the
semester.

(4) For larger groups of student researchers, require data
reporting in parallel formats: once in their own
spreadsheet in their subfolder, and once in a form
that automatically uploads time-stamped results to
a read-only spreadsheet.

If the data are associated with individuals that be-
come vouchered museum specimens, natural history
museums may be able to assist with the storage and
management of these large datasets. As museums are
digitizing more of their collections (Heerlien et al.
2015), they are starting to create the infrastructure to
link diverse forms of digital data to individual speci-
mens. There are also many open source platforms for
data management that the reader may wish to explore,
which are far more complex than described here (e.g.,
Crosas 2011). Describing to student researchers how
linking multiple forms of data by specimen will facili-
tate future museum-based integrative research can help
them appreciate the long-lasting significance of their
research efforts and the benefits of collaborative data-
sharing.

Open source software integrates quality
control
A major benefit of the Virtual Expedition program is
the relatively few hardware and software requirements.

The only piece of hardware required is a personal com-
puter that should be available to each student. Because
of this hardware-independent model, these projects
have successfully endured, and even thrived, during the
COVID-19 pandemic. Software requirements will de-
pend on the type of data collected. Pre-processing the
dataset could potentially be useful, but because of the
large datasets involved, this should only be undertaken
if the tools are completely automated and there is a sig-
nificant benefit to the student researchers. For exam-
ple, automated color correction for visual data (i.e., pho-
tographs or video) may be helpful to implement prior to
analysis.

Software must be compatible with Mac, Linux, and
PC systems to allow for participation by any student.
Consider extending this requirement to machines like
Chromebooks, which cannot run the open source soft-
ware, R (www.r-project.org), but are one of the cheapest
computing machines available to students. Open source
software is highly preferred because of the documenta-
tion and continuous updates needed to maintain func-
tionality throughout operating system upgrades. Even
if paid software is available through the university, sub-
scriptions are not guaranteed over time. Also, ensure
that the software continues to be supported by the de-
velopers, as bugs and backwards compatibility issues
can be detrimental to progress. Open source software
supported by a rich online community ensures trans-
parency in methodology and access to troubleshoot-
ing help (Von Krogh and Von Hippel 2006, also see
community standards of the Open Source Initiative at
www.opensource.org).

Open source software also aids in quality control
measures, which are extremely important for studies
that involve many students with no training outside
of the project. Some open source software can be cus-
tomized to accommodate parallel analyses or auto-
mated field naming. Clear documentation and the abil-
ity to manipulate source code to fit specific projects
is a huge asset in designing easily interfaced virtual
workspaces (e.g., Blumstein et al. 2006; Pastell 2016;
Chang 2018). Virtual Expeditions are designed for high
turnover rates, which facilitate increased reach but can
also introduce error into the research data due to lack of
continuity and overlap between student groups. To in-
crease the research-grade viability of data generated by
Virtual Expeditions, we recommend a series of quality
control and quality assurance measures.

Ensure that there is a standardized methodology es-
tablished for data analysis to create compatible results,
including quality control measures (Tyson 2019). In
the materials provided to students, objective and dis-
crete categories for identification can reduce error (e.g.,
presented in a drop-down menu format or multiple

http://www.r-project.org
http://www.opensource.org
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choice). If starting this program anew, a pilot program
with a smaller group can be helpful, including both
novices and experts, to develop the methodology (see,
e.g., Davis Rabosky et al. 2021). It is important that
the categorization method rely on objective features as
much as possible. For example, with the snake behav-
ior URE, descriptions of shape, orientation, and motion
were preferred over the more traditional subjective de-
scriptions of defensive, offensive, and exploring. By re-
lying only on objective features, rather than subjective
interpretations, novices can provide accurate data with
high reliability.

Designing for objective and discrete features can also
reduce data processing (e.g., if characters are capital-
ized differently or words are spelled incorrectly). This
can be achieved by using drop down menus in soft-
ware or keys used for data collection. For example, stu-
dents in the snake behavior URE must select from a
pre-populated list of options. In the invertebrate iden-
tification CURE, a list of taxonomic classes as column
headers on a printed datasheet is provided for initial
binning during data collection. Wrapping data collec-
tion in a graphical user interface (can be as simple as a
Google Form) allows the instructor to control the file
naming format, ensuring uniformity. Collecting data
as responses rather than direct entry gives the oppor-
tunity to collect researcher identity and time stamps
for additional transparency. In a script-based collection
method, file names can be automatically generated us-
ing a few simple lines of code, instead of relying on stu-
dents to correctly name files.

With repeated measures, potential bias can be de-
tected by comparing the mean observation for each
species/individual across students and the mean ob-
servation of each student across species/individual. An
extra step of quality assurance that was performed in
the invertebrate identification CURE is a 10% assess-
ment by a trained lab technician of all samples for
each student. In this process, the lab technician assessed
whether the student completely captured all of the in-
vertebrates within a subsample, whether the subsam-
ple was representative of the entire sample, and the ac-
curacy of the final invertebrate identifications. If error
rates exceeded a threshold, the data generated by that
student was reprocessed by another individual. This ex-
tra step was incorporated into the invertebrate identifi-
cation CURE because we were working with a govern-
ment lab with the quality assurance and control proto-
col already in place. We feel this extra step is worthwhile
for researchers using larger datasets that cannot be indi-
vidually checked by a trained researcher because it sig-
nificantly cuts down on oversight time while ensuring
high accuracy and data quality (Stark et al. 2001; Cox et
al. 2012).

The last component of high-quality assurance is in-
stilling confidence in students to be experts in the re-
search project and seek collegial help outside of the
immediate research team. We must continuously re-
mind students that they are becoming knowledgeable
and their participation in a collaborative process will
lead to more reliable and consistent data (Tynjälä 1999).
Additionally, there is evidence that individuals who are
learning tend to generate more accurate data than in-
dividuals with ample experience in ecological identifi-
cation because they do not rely on assumptions and bi-
ases (McBride et al. 2012). Instead, they more frequently
seek out the advice of others and additional resources.
In order to facilitate this learning process, we need to
lead by example in asking colleagues for help when we
are not sure about an analysis and provide the resources
for students to contact our colleagues for help directly.
We find that messaging platforms like Slack and Dis-
cord break down social barriers perceived by students
to more readily facilitate informal interactions of this
nature. We also advocate for empowering students to
reach out beyond the instructor’s network to other aca-
demic institutions like museums and universities, but
also community science programs and traditional eco-
logical knowledge holders. Even having a conversation
with students about personal anecdotes in which the in-
structor sent an unsolicited email to a potential collab-
orator can assist in empowering students to make those
same connections.

Challenges for long-term
implementation
There are four logistical and philosophical challenges
we see in running a long-term Virtual Expedition. First,
software and even hardware updates over the years will
disrupt existing data collection pipelines and require
adjustments in training materials. However, this is a
challenge for all types of research and can be mitigated
by annual minor updates to avoid complete upheaval
of protocols every five to ten years. It may also be ad-
vantageous to build in training materials that introduce
students to this inevitable challenge of science and cre-
ate a learning experience within it. Open source solu-
tions head off this problem with copious documenta-
tion and online communities of practice (e.g., projects
within the National Ecological Observatory Network
supported by the National Science Foundation; https:
//www.neonscience.org).

Second, because students come from a diversity of
backgrounds and skill sets, it is necessary to teach in
a way that allows them all to arrive at the same train-
ing level. This is, again, a common challenge in STEM
pedagogy and is solved by establishing basic common

https://www.neonscience.org
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ground, even if students indicate they are more ad-
vanced. One aspect of this challenge is unique to Vir-
tual Expeditions because the use of open source soft-
ware (and sometimes hardware) is required, and com-
puter programming can be perceived as daunting for
some students. We have found the “Data Analysis and
Visualization in R for Ecologists” free, open source
course offered by Data Carpentry to be an excellent and
approachable primer for students to enter this world on
a level playing field (https://datacarpentry.org/R-ecolog
y-lesson/).

Third, students (and instructors) may perceive the
dataset to be insurmountable and lose hope that mean-
ingful results will be achieved at the end of a research
experience, especially if the Virtual Expedition has run
for multiple years on the same project. We believe
our structured, four-component format can help alle-
viate this stress: by having students form their own hy-
potheses that can be addressed with the available data
(self-generated, or from collaborators and past partic-
ipants) and then presenting it to a formal audience,
they gain a sense of accomplishment even if the broader
project continues past their participation. [For analogs
of this experience in classroom settings, see project-
and inquiry-based learning endeavors in Lee (2012) and
Garnjost and Lawter (2019).] Optionally, this can also
be an opportunity to recruit students to stay on for ad-
ditional research experiences or to be involved in the
writing process for the results of the Virtual Expedition,
providing yet another avenue of professional develop-
ment and a “peek behind the curtain” into the reality of
academic publishing. Having continued participation of
alumni in the research project can be an opportunity for
community building, not a barrier to enthusiastic par-
ticipation.

Lastly, it is imperative that Virtual Expeditions have
a long-term project coordinator who is responsible for
the big picture management of data, progress, and see-
ing it through publication (Lopatto et al. 2014). This
increases the instructor’s necessary investment into the
Virtual Expedition (time, money if hiring staff), but the
data from Virtual Expeditions are intended to be usable,
high-quality research data and should be treated as such
in the allocation of resources in a lab.

Virtual Expeditions broaden
participation in science
Victorian naturalists are needed to be culturally and fi-
nancially well-off to devote countless hours and large
sums of money to their biological pursuits (Adler 2011).
When data collection is only accessible to a small, rel-
atively homogeneous group of people, the findings are
likely to be filtered through a narrow perspective, often

omitting local, indigenous knowledge (Zuroski 2017;
Lee 2020; Tanner et al. 2021). Currently, field expe-
ditions remain inaccessible to many groups of peo-
ple, for many of the same reasons (Merenlender et al.
2016; Rushworth et al. 2021). Fieldwork continues to
be dangerous (especially for those who are not white,
cis-gender, heterosexual men), expensive, and requires
a substantial time commitment (Nelson et al. 2017;
Demery and Pipkin 2021; Lawrence and Dowey 2022).
With the increased cost of college tuition and the pres-
sure to graduate on time, few undergraduate students
have the opportunity to experience the natural world
that they learn about in class. Virtual Expeditions make
natural history research accessible to students who have
physical disabilities that prevent them from attend-
ing expeditions, who are immigrants (legal or undoc-
umented), who must work part-time, or who must help
care for family (for more examples of virtual fieldwork,
see Stokes et al. 2012, Getchell et al. 2010). Perhaps
most impactful is the opportunity for Virtual Expedi-
tions to be run almost completely asynchronously, al-
lowing participants to work at their own pace and still
receive community support from peers. Collaborating
with campus-based undergraduate research opportu-
nity programs may also provide funding to hire students
in lieu of course credit, making Virtual Expeditions a
part-time job.

Natural history is an enticing topic for many students
starting out in biology because it is often experienced
outside of the classroom. UREs that focus on telling sto-
ries about nature, even if they are rooted in technical
practices, have the potential to be successful in broad-
ening participation in science (for examples in the class-
room, see Tobler et al. 2021; Valle et al. 2021). Addition-
ally, using open source methods and practices further
democratizes the science and demonstrates to students
that the instructors have a vested interest in broadening
participation more generally.

To foster a welcoming and inclusive environment, it is
essential to consider how the history of white masculine
dominance in academia has resulted in cultural norms,
stereotypes, and expectations that lead members of un-
derrepresented groups to feel alienated from participa-
tion in research. The collaborative and open source na-
ture of Virtual Expeditions works to break down per-
ceptions of scientists, such as individualism, competi-
tion, and meritocracy, that have been shown to discour-
age women and underrepresented groups from pursu-
ing STEM careers (Tran et al. 2011; Rainey et al. 2018;
Wegemer and Eccles 2019). Participation in collabora-
tive research experiences also builds cognitive, social,
and professional networks that support the retention of
underrepresented groups in STEM (Hunter et al. 2007;
Vieyra et al. 2011; Hilts et al. 2018). Building research

https://datacarpentry.org/R-ecology-lesson/
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networks has the additional benefit of helping students
appreciate the social value of STEM research and learn
about diverse career opportunities available in the field
(Bonous-Hammarth 2000; Brown et al. 2018).

The CURE has been offered for three terms (Fall
2020, Winter 2021, and Spring 2022) at two institutions
during the COVID-19 pandemic. Of the 48 undergrad-
uate student participants, eight participated from a dif-
ferent university than where the CURE was hosted. Af-
ter the program, >54% were known to continue re-
search in other labs or the lab of the PI. For example,
one student was recruited directly into a related field
before graduation and deferred their acceptance of the
job to be a supervisor for the CURE for another term
to gain further independent research skills (student as-
sistant coordination, data analysis, biochemistry assays,
and manuscript preparation) that would eventually help
them apply to graduate school. One student was hired to
a project within the same department as the CURE after
graduation, deferring graduate school in a different dis-
cipline in order to first pursue their interests in funda-
mental biology research, which were uncovered in this
CURE (this was their first research experience).

The URE has been offered in both academic year-
long and summer-long programs at one institution be-
fore and during the COVID-19 pandemic (2017–2022).
Between two and four students participated in the pro-
gram at a time. Of the 25 student participants, 22 were at
the undergraduate level and 3 were at the postgraduate
level. Five students participated from other institutions
(three local community colleges and two non-US uni-
versities). The Virtual Expedition format facilitated the
continued participation of one of the in-person field as-
sistants who collected the majority of the video data for
the project. The program leadership and administration
was successfully transferred to two PhD students who
were familiar with the field but had not previously par-
ticipated in the specific research project. One student
changed their major from Computer Science to Biol-
ogy after participation in the URE. After the program,
>46% were known to continue research in other labs
or the lab of the PI and at least six students went on to
graduate school in STEM fields.

Conclusion
Virtual Expeditions are a low-cost, high-benefit re-
search endeavor that addresses fundamental shortcom-
ings of Big Data processing while also broadening par-
ticipation in a historically exclusionary field. Even with-
out explicit inclusivity design, these experiences attract
underrepresented and minoritized students because of
their improved accessibility: open source design and
virtual research spaces reduce barriers to participation

in traditional natural history research. The case studies
presented here used video and photographic data of ani-
mals, but future research could incorporate other forms
of data to engage broader audiences (e.g., overcoming
visual impairments by analyzing auditory data, such as
frog and bird calls).

Virtual Expeditions are approachable introductory
research experiences because even without disciplinary
research expertise, students produce research grade
data and test real research hypotheses alongside their
mentors. Virtual Expeditions make it possible to gen-
erate high-quality natural history data at scale using
open source technology. Natural history datasets are
now large and accessible enough to facilitate the in-
terface of organismal evolutionary and ecological re-
search in novel ways not intended by the original re-
searchers, such as with re-analyses. By leveraging the
tools of Big Data, Virtual Expeditions provide one
way to facilitate the integration of valuable natural
history research into classrooms and interdisciplinary
spaces.
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