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Biodiversity scientists must be fluent across disciplines; they must possess the quantitative, computational, and data skills necessary for working
with large, complex data sets, and they must have foundational skills and content knowledge from ecology, evolution, taxonomy, and systematics.
To effectively train the emerging workforce, we must teach science as we conduct science and embrace emerging concepts of data acumen
alongside the knowledge, tools, and techniques foundational to organismal biology. We present an open education resource that updates the
traditional plant collection exercise to incorporate best practices in twenty-first century collecting and to contextualize the activities that build
data acumen. Students exposed to this resource gained skills and content knowledge in plant taxonomy and systematics, as well as a nuanced
understanding of collections-based data resources. We discuss the importance of the extended specimen in fostering scientific discovery and

reinforcing foundational concepts in biodiversity science, taxonomy, and systematics.
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I n biodiversity science, a multidisciplinary field focused
on understanding life on Earth, we work across disci-
plines, including but not limited to environmental science,
evolutionary biology, systematics, ecology, and paleontology.
We increasingly employ quantitative reasoning, computa-
tional skills, and data acumen (the ability to evaluate and use
data effectively) to conduct research using large and complex
data sets bridging time, space, and scale (Hampton et al.
2017, NASEM 2018, Ellwood et al. 2020). This represents an
expansion of rather than a shift in the skills and concepts we
expect current biodiversity scientists to possess and future
scientists to gain. As educators training the twenty-first cen-
tury biodiversity workforce, we can rise to the occasion and
reimagine our courses to teach new skills and content in sup-
port of data acumen while simultaneously retaining foun-
dational skills and content from organismal biology (Wen
et al. 2015, Bik 2017, Raven and Miller 2020). This can be
challenging in a crowded undergraduate biology curriculum
that is increasingly becoming depauperate of organismal
courses (Middendorf and Pohlad 2014, Crisci et al. 2020). As
scientists, researchers, and educators, we must be intentional
as we integrate the skills, knowledge, and tools to harness
the data revolution while fostering the core taxonomic, sys-
tematics, and organismal biological knowledge necessary to
address emerging questions in biodiversity science.
Biodiversity science has seen the volume and variety of data
available for analyses increase at a meteoric pace (Hampton

et al. 2013 and 2017, Jari¢ et al. 2020). Globally, there have
been massive advances in digitizing specimen-based data
from biological collections, including projects such as the
US National Science Foundation’s Advancing Digitization
of Biodiversity Collections program, the Global Biodiversity
Information Facility, the European Union’s Distributed System
of Scientific Collections, and the Atlas of Living Australia.
Observations of organisms contributed by community
scientists are growing via portals such as iNaturalist and the
US National Phenology Network. Organismal data are in
turn centralized by organizations such as the International
Union for Conservation of Nature and NatureServe, which
package them for use by policy and land management
practitioners. In the United States, associated data on climate,
weather, land use, soil, and water are available online from
federally funded departments including the National Oceanic
and Atmospheric Administration and the US Geological
Survey. These broadscale data sources are complemented
by targeted databases such as the Global Soil Dataset for
Earth System Modeling. Projects such as the US National
Ecological Observatory Network work to connect existing
environmental data layers to field-collected specimens and
long-term observational species occurrence data. Biodiversity
science is faced with the exciting prospect of pursuing
integrative research spanning biotic and abiotic data sets
at unprecedented resolution across multiple scales, making
possible the synthetic analyses that can address pressing
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environmental and ecological problems (LaDeau et al. 2017,
Farley et al. 2018, Henkhaus et al. 2020, Wiiest et al. 2020).

Biological collections serve as critical research infra-
structure in the data-rich field of biodiversity science and
have played a key role in transforming twenty-first century
biology (Wenetal. 2015, Pageetal. 2015, Lendemer etal. 2020,
Monfils et al. 2020, NASEM 2020). The specimens curated
in collections provide a source of data that is unparalleled
in temporal, geographic, and taxonomic complexity and is
unique in its ability to allow researchers to verify and expand
data by returning to the physical specimens on which they
are based (Suarez and Tsutsui 2004, Pyke and Ehrlich 2010,
McLean et al. 2016, and the references therein). Physical
specimens, preserved and curated in perpetuity, are the basis
of scientific names and a foundation of scientific discovery
both within and beyond biology (Funk 2018, NASEM 2020).
Specimens provide a valuable source of biodiversity data,
including molecular, biochemical, and species associations
from the physical vouchers, and spatiotemporal, cultural,
and ecological information from the collection records.
In addition, specimens can be digitally linked to each
other and to an increasing number of other data resources
(Schindel and Cook 2018). The term extended specimen
was coined to refer to the specimen, associated specimen
data, and interconnected network of data resources, which,
together, have incredible potential to enhance integrative
and data-driven research (Webster 2017, Hardisty et al.
2019, Lendemer et al. 2020). Specimens can function as
bridges between disciplines and databases (genetic,
ecological, conservation, environmental, paleontological;
Wen et al. 2015). In the last decade, digitized and online
specimen-based data have greatly increased our capacity to
investigate large-scale issues of critical importance in the
twenty-first century—for example, climate change and its
impacts, zoonotic disease transmission, sustainable resource
management, impacts of invasive species, and biodiversity
loss (Ball-Damerow et al. 2019, Heberling et al. 2019, Cook
et al. 2020, Thompson et al. 2021).

The current and next generations of biodiversity scientists
need extended training in order to be prepared to contribute
to and conduct research using extended specimen data
(Barone et al. 2017). Collection of new specimens remains
critical to biodiversity science, and new twenty-first century
collecting practices have been adapted and must be employed
to support the born-digital and linked data that define
the extended specimen (Miller et al. 2020). Twenty-first
century collecting involves complex specimen collection
strategies, preparation techniques, and data management
planning (Schindel and Cook 2018). To stay current,
biodiversity science workforce training can incorporate
more computational skills and technologies such as those
developing in the domains of data science and biological
informatics (including bioinformatics; Hampton et al. 2017,
Beardsley et al. 2018, Robeva et al. 2020). At the same time,
foundational skills related to understanding organismal
biology and taxonomy remain essential (Bik 2017). The
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need for biodiversity scientists grows, but undergraduate
education globally is facing a disconcerting decrease in
taxon-specific coursework, field biology, and taxonomy,
which all have important content needed for the next
generation of biologists to identify, describe, name, and
archive biodiversity (Britz et al. 2020). While reinforcing the
importance of data acumen in biodiversity science, we cannot
allow the education pendulum to swing toward emerging
technologies and skills at the expense of foundational
skills from field biology, taxonomy, and systematics. Now,
more than ever, we need to be creative and intentional
in providing professional development opportunities for
researchers and educators by employing best practices in
undergraduate biology education, so that we can facilitate a
biodiversity-literate and data-literate workforce.

Across all the STEM disciplines, there is a pressing
need for researchers to gain data skills (Barone et al.
2017) and educators to incorporate data acumen into
their undergraduate instruction (AAAS 2011, NITRD
2016, NASEM 2018). Physical natural history specimens
combined with extended data can provide an engaging and
concrete resource that is well suited to authentic student-
centered learning and translatable data acumen (Cook
et al. 2014, Powers et al. 2014, Monfils et al. 2016, Lacey et.
al 2017, Ellwood et al. 2020). Regardless of the discipline,
the extended specimen concept and requisite twenty-first
century specimen collecting practices provide an ideal
teaching tool for introducing STEM educators and students
to data sources and skills. When teaching with the extended
specimen concept, students collecting their own specimens
engage in the full data lifecycle, including data and metadata
collection, preparation and archiving of specimens, and
submission of data to an appropriate aggregator or repository.
Once submitted, the students can track the usage of their
data and also capitalize on complementary data sets to ask
integrative research questions. As the students work with
specimens and their data, they are exposed to important
concepts in data acumen, such as provenance, metadata,
standards, and validation. The students’ close association
as collectors of the specimens and stewards of the specimen
data can make these data concepts more accessible and
meaningful (Ellwood et al. 2020).

In the present article, we provide an example of how
a team of scientists and educators was able to use best
practices in undergraduate education and in twenty-
first century specimen collecting to incorporate evolving
workforce skills (e.g., data acumen) into our courses without
losing attention to foundational skills and concepts in
biodiversity science. Building off of our experience and
training in specimen digitization, we redesigned the classic
plant collecting exercise in which students collect, press,
and identify “unknown” plant species in order to gain
foundational skills in species identification and taxonomy.
Our modified module reframed this exercise on the basis
of recommendations for twenty-first century specimen
collecting (e.g., from Miller et al. 2020) and additionally
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Box 1. Learning objectives of the “Connecting students to citizen science and curated collections” module.

Students completing this assignment will be able to (1) maintain a professional specimen collection notebook, (2) collect plant speci-
mens from the field using proper techniques and including adequate material for identification, (3) prepare and deposit research qual-
ity herbarium specimens, (4) deposit species and occurrence data into national or international databases, (5) identify unknown plant
specimens using multiple forms of reliable evidence, (6) explain the importance of herbaria in plant biology research, (7) discuss the
value of large data sets for investigating spatially or temporally large phenomena (invasive species, rare species, climate change, etc.),
and (8) evaluate the importance of citizen scientists to large data sets.

Since developing and assessing this module, there has been a collective shift moving away from the term citizen science to more inclu-
sive terminology. When discussing the field of research within this manuscript we have adopted the term community science but have
retained the term citizen science when referencing defined learning outcomes, assessment, and published OER resources.

incorporated data acumen into our learning objectives.
Working as a community of practice (Wenger 2011, AAAS
2011), we identified and assessed our new and foundational
learning outcomes, developed and implemented educational
materials, and shared our educational products as an open
education resource (OER; Biswas-Diener and Jhangiani
2017). Provided below is a description of our module
development, assessment, and learning outcomes as a proof
of concept in support of a broader discussion on merging
advances in biological collections and in education in
support of an integrated biodiversity science discipline and
data-savvy workforce.

Example module

The “Connecting students to citizen science and curated
collections” module (www.collectionseducation.org) origi-
nated at a North American Network of Small Herbarium
digitization workshop hosted by Integrated Digitized
Biocollections (iDigBio) at the Botany 2014 annual
conference in Boise, Idaho. During module development
we identified two primary goals for the project: to
educate students in evolving best practices in specimen
collection and curation and to reduce the creation of
future specimen processing backlogs resulting from analog
student collections that require transcription to create digital
records. We recognized that twenty-first century specimen
collecting practices take advantage of born-digital data (e.g.,
generating label data in a digital format, or photographing
specimens in situ; see Hackett et al. 2019, Powell et al.
2019) and that specimen collecting could be used as a
platform for educating students in emerging data skills and
concepts related to open science, digital data resources, and
community science (note that this term is a more inclusive
replacement for citizen science, recognizing the role of all
participants regardless of citizenship; Audubon Society
2021). We based the module on a collection curation
workflow that leverages born-digital data and emphasizes
current best practices both in botanical collecting and in
specimen data management; these best practices align with
the digital data literacy workforce training recommendations
for the extended specimen (Lendemer et al. 2020, NASEM
2020). Our module employed the iNaturalist platform
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(www.iNaturalist.org) for recording data and images at the
site of the collecting event, as has become popular with
professional botanists (e.g., Heberling and Isaac 2018).
From inception, we sought to engage in the scholarship of
teaching with the goal of publishing our assessed and vetted
educational materials. We were deliberate in developing
online educational materials in the spirit of open science and
FAIR practices (for findable, accessible, interoperable, and
reusable; Wilkinson et al. 2016, Garcia et al. 2020).

Module and assessment design. We used standard practice
in backward design to create the module (Wiggins and
McTighe 2005; see Linton et al. 2020 for a detailed work-
flow), beginning by identifying our desired results in the
form of learning objectives that address foundational skills
in species identification and twenty-first century speci-
men collecting (see box 1). On the basis of these learning
objectives, we designed a student assignment with pre- and
postmodule assessment to serve as acceptable evidence for
evaluation (see supplement 1). The assignment included
an instructor-defined number of plant collections, each of
which included an archival-quality herbarium specimen, an
iNaturalist observation entry, and detailed specimen-specific
plant identification notes (see supplement 2). The pre- and
postmodule assessment included seven free response ques-
tions about the students’ knowledge of key concepts and four
Likert-scale questions about the students’ opinions (see sup-
plement 3). The premodule assessment also included general
questions about the students’ academic status, prior course
work, and plant collecting experience. In the postmodule
assessment, additional Likert-scale questions asked the stu-
dents to self-report how well the module prepared them to
perform the skills identified in the learning objectives. The
appropriate IRB approval was received for each institution
at which the assessment was implemented (Arkansas State
University IRBNet646782, Central Michigan University
IRB-661959-1, Eastern Kentucky University IRB-15-110,
Middle Tennessee State University IRB-15-032).
Assessments were evaluated after the conclusion of the
2-year initial implementation period. Coding rubrics for
evaluating the free response questions were developed by
consensus among five of the project collaborators with
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expertise in plant biology and information science, on the
basis of key concepts that all agreed would be included
in an “expert” answer, as well as specific misconceptions
(see supplement 4). Hardcopy student responses were
deidentified, transcribed, and assigned to experts not
associated with the student’s institution. Two experts coded
each question according to the relevant rubric. If the ratings
from the two experts did not match, the response was sent
to a third expert for rating, and the majority rating for each
item was recorded as the consensus coding.

For each free response question, the total number of
correct concepts per student was compared before and
after the module was implemented using the Wilcoxon
signed-rank test (Wilcoxon 1992). For specific individual
responses within a question, the percentage of the students
who included a specific correct response was compared
pre- and postmodule using McNemar’s test of correlated
proportions (McNemar 1947). When evaluating Likert scale
questions, the Likert responses were converted to numerical
values (e.g., 5, necessary; 4, very important; 3, important; 2,
somewhat important; 1, not at all important), and significant
shifts in the student responses before and after the module
were compared using the Wilcoxon signed-rank test.

Module implementation and outcomes. The module is hosted
on a public website, www.collectionseducation.org, and
is published as an OER via Quantitative Undergraduate
Biology Education and Synthesis at https://qubeshub.org/
publications/1103 (Monfils et al. 2019), where it is presented
in a set of educational resources available through the
Biodiversity Literacy in Undergraduate Education: BLUE
Data Network (www.biodiversityliteracy.com), a National
Science Foundation Research Coordination Network in
Undergraduate Biology Education. The module website
was launched in September of 2014 and, by 2021, had been
visited over 80,000 times. We published the module on
QUBESHub.org in March of 2019, and by August of 2021, it
had been accessed over 1100 times.

The module was implemented and assessed in 10 courses:
plant systematics (four classes), dendrology (three classes),
aquatic and wetland plants (two classes), and flowering
plants (one class) at four participating universities, ranging
from large master’s level colleges and universities (M1)
to doctoral universities with high levels of research (R2;
Carnegie classifications, Indiana University 2017, https://
carnegieclassifications.iu.edu; Arkansas State University was
R3 at the time of module implementation; Central Michigan
University, R2; Eastern Kentucky University, M1; and Middle
Tennessee State University, M1) between Fall 2014 and
Spring 2016. A total of 148 students signed the appropriate
IRB consent form, completed all assessments and were
included in the data analyses. This sample population was
82% undergraduate and 14% graduate student (4% other).
For the students enrolled in the courses, 51% had taken a
prior plant identification course, and 28% indicated they
had prior course experience with a plant collection exercise.
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The results from the pre- and postmodule assessments
indicated significant gains in self-efficacy and content
knowledge (figures 1-6). The educators employing the
module commented on the high-quality specimens,
iNaturalist observations (figure la), and specimen labels
(figure 1b) resulting from the student engagement in the
plant collecting and identification exercise. The educators
also noted a decrease in specimen backlog and digital
curation needs for their respective herbaria. In the present
article, we discuss key results as they relate to our module
learning objectives.

The students maintained specimen collection
notebooks, used proper field collection techniques for
identifying and archiving specimens, and were able to
prepare and deposit quality herbarium specimens into a
physical collection, as well as deposit associated specimen
data into national or international databases. In our
postmodule assessment, the students felt well prepared,
very well prepared, or totally prepared to use foundational
and emerging plant collecting skills including maintaining
a field notebook (89%), collecting specimens in the field
(94%), and depositing specimens (89%) and digital data
(92%) into national and international data repositories
(figure 2a-2d). In addition, the instructors implementing
this module across the four universities and 10 courses
indicated that the students’ specimens and labels were
of higher quality (i.e., they contained more explicit
information and were formatted better) than the labels
of the students participating in plant collection and
identification exercises not following this module. The
students completing this module showed confidence
in their collection skills and educators noted an overall
increase in quality of specimens and associated data
compared with classes not using this module.

The students recognized plant identification resources,
gained confidence in plant identification skills, and self-
identified as well prepared to apply these skills. In our
postmodule assessment, over 90% of our students indicated
they felt well prepared, very well prepared, or totally prepared
to identify unknown plant specimens using multiple forms
of reliable evidence (figure 2e). When the students were
asked to list the steps in plant identification and identify
resources for verification, they identified significantly more
verification resources postmodule compared with premodule
(4.0 versus 2.9; p < .0001). The students’ responses included
specific resources, where we saw a significant increase
in responses identifying taxonomic keys (61% to 82%;
p < .0001), herbarium specimen comparison (9% to 22%;
p =.001), image comparison (41% to 56%; p = .0002), and
expert determination (14% to 33%; p < .0001; figure 3).
The instructors noted that the students showed increased
engagement and comfort with plants and plant identification.
The students’ ability to identify appropriate resources for
plant identification, as well as increased confidence in their
ability to correctly identify plant species, makes plants
more visible and plant knowledge more accessible to them
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(b) herbarium specimen label

CENTRAL MICHIGAN UNIVERSITY HERBARIUM (CMC)

Flora of Michigan
Chippewa County

HYDROCHARITACEAE
Hydrocharis morsus-ranae Linnaeus (European Frog-Bit)

Locality: Approximately 20 km northeast of Pickford, MI. Munuscong
Bay is along the western edge of Munuscong Lake. Specimen was
collected ~3.5 km southwest of Munuscong Island along a dike that
extends from Krause Road.

Latitude: 46.2017°

Longitude: -84.254°

Habitat: Great Lakes coastal wetland. Collected alongside a dike in a
small opening (~ 3 x 3m) in an expansize stand of Typha augustifolia.
Water was 10-15 cm deep and murky. Substrate was mucky with a few
large rocks alongside edge of the opening.

Notes: Free-floating aquatic herbaceous plant, spread across waters
surface. Leaves are green, leathery, and heart-shaped. Beneath each leaf
there are two stipules on the petiole. Leaves are arranged in a roseate and
are floating on the waters surface. Roots hang below plant and are
suspended in the water column but are not anchored in the sediment.
Several plants are connected via stolons. Turions are medium to dark
green and connected at stolon nodes. No flowers present. Population:
abundant in immediate area and can be found sparsely to occasionally
throughout the wetland, usually growing among 7ypha. Occasional dense
floating mats are present in patches of open water within Typha stands.
Associated Species: Typha augustifolia, native Phragmites,
Ceratophyllum demersum, Utricularia spp., native Myriophyllum spp.

iNaturalist Observation:
https://www.inaturalist.org/observations/8027978

Collector: Blake Cahill
Collection Number: 47
Collection Date: September 20, 2017

Figure 1. Example iNaturalist observation (a) and subsequent herbarium specimen label (b) created as part of this module,
illustrating what data are recorded where, including (1) photographs of the specimen in situ, (2) detailed notes about the
collecting event, (3) taxonomic identifications by the collector and subsequent identifiers, (4) geographic coordinates of
the collecting site, and (5) metadata about associated species, collector name and number, elevation, habitat, and precise
collecting locality that will be printed on the herbarium label. This record can be viewed in full at www.inaturalist.org/

observations/8027978.

and addresses an overarching concern regarding plant
awareness disparity (i.e., the lack of knowledge, interest, and
perception of plants in comparison to animals; Wandersee
and Schussler 1999, Parsley 2020).

The students were able to explain the importance
of herbaria in plant biology research. This included an
increased and nuanced understanding of what an herbarium
is, who can use herbaria and associated data, and how
herbarium collections and collections-based data can be
used in research. Postmodule assessment results showed
91% of the students from our study felt well prepared, very
well prepared, or totally prepared to explain the importance
of herbaria in plant biology research (figure 2f). After the
module was implemented, we saw a significant increase
in the students correctly stating that an herbarium is a
collection of preserved plants (62% to 98%; p < .0001) and
a significant decrease in the misconception that herbaria
contain living plants (22% to less than 1%; p < .0001). There
was also a significant increase in the students stating that
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herbaria contain valuable data (7% to 18%; p =.002) and can
be used for research (17% to 26%; p = .027).

The students indicated before and after the module that
it was important, very important, or necessary for biologists
(99% to 99%; p = .2119), scientists (90% to 89%; p = .3264),
and educators (92% to 90%; p = .2546) to have a strong
understanding of the potential uses of biological collections
(figure 4a). These values were not significantly different
between the pre- and postmodule assessment. We did,
however, see a significant positive shift between before the
module and afterward in the students noting that all citizens
need to understand potential uses of biological collections
(54% to 58%; p = .015; figure 4a).

When the students were asked who uses herbaria,
they identified significantly more types of professionals
who might work with the collections on the postmodule
assessment (2.6 to 3.3; p < .0001). The majority of the
students both before and after the module identified plant
scientists or botanists (74% to 81%; p = .055) and biologists
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Student responses to the question “Please rate how
effectively the specimen and data collection project
has prepared you to...”

(a) maintain a professional specimen collection notebook

- ]

(b) collect plant specimens from the field using proper
techniques and including adequate material for identification

(c) make and deposit research-quality herbarium specimens

-

(d) deposit species observations and occurrence data into
national/international databases

(e) identify unknown plant specimens using multiple forms
of reliable evidence

(f) explain the importance of herbaria in plant biology research

-

(g) discuss the value of large datasets for investigating
large spatial- or temporal-scale phenomena

(h) evaluate the importance of citizen scientists' contributions
to large datasets

B |

0% 25% 50% 75% 100%

. Not at all prepared . Very well prepared

Somewhat prepared . Totally prepared

. Well prepared

Figure 2. Student self-assessment of learning gains after the
module.

(not specific to plant science or botany; 51% to 53%; p = .38)
as professionals who might work with herbaria, but there
was not a significant difference in these percentages before
and after the module (figure 4b). We did see a significant
increase from before to after the module in the students
identifying researchers (not specific to biology; 11% to 18%;
p =.04), educators (16% to 30%; p = .001), law enforcement
professionals (1% to 4%; p = .03), and politicians or policy
advocates (0% to 3%; p = .03) as potential users of herbaria
(figure 4b).

The students were asked to list hypotheses a researcher
could test using data collected from herbarium specimens.
Not only did the students have a significant increase in
the number of proposed hypotheses (2.1 to 2.7; p < .0001),
but we also saw an increase in the number of different
topics covered by the proposed hypotheses (1.7 to 2.2
different topics identified; p < .0001). The two categories
of hypothesis topics with significant increases from before
to after the module were related to species distributions
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Student responses to the question “Explain the
steps you would take to identify an unknown plant
specimen. List all the resources you know of that
can help you verify your identification.”

60.8%

Taxonomic keys*

. - 24.3%
Written descriptions -

Herbarium specimen 9.5%

comparison* | [ 223%

40.5%

Image comparison* 4

o 14.2%
Expert determination* .
0.7%

0%

response

Molecular tools 4

T T T T T T
0% 20% 40% 60% 80% 100%

students including response

pre-module assessment - post-module assessment

Figure 3. Pre- and postmodule assessment of student gains
toward learning objective 5. Statistical significance is
indicated by an asterisk (*p < .05).

(45% to 71%; p < .0001) and environmental change (6% to
16%; p = .002; figure 4c). Although it was low in the initial
premodule assessment, the postmodule assessment saw
a significant decrease in the students’ noting hypotheses
related to disease (3% to 0%; p = .031) and medicine or
ethnobotany (5% to 1%; p = .016; figure 4c). We suspect this
response could change given the COVID-19 pandemic, and
these themes would be worth highlighting in future courses.
The students’ breadth of response could be enhanced by
exercises and educational materials that introduce the rich
literature associated with use of collections.

For the students participating in our module, experience
in and with herbaria and specimen collecting rectified the
misconception that herbaria house living specimens and
opened a new biodiversity tool and data resource the students
could use when entering the workforce. The students’
increases in understanding the relevance of collections to
science and society is important when looking to new and
future end users of biodiversity data.

The students gained a better comprehension of the
value of aggregated biodiversity data sets for investigating
spatially or temporally large phenomena. The students could
describe differences between specimen- and observation-
based natural history data, correctly identify an increased
number and diversity of challenges associated with using
large, aggregated data sets, and identify the importance of all
citizens having knowledge of big data and their uses. Overall,
77% of the students from our study felt well prepared, very
well prepared, or totally prepared to discuss the value of
large data sets for investigating spatially or temporally large
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(a) Student responses to the question “Please rate how important you think it is for the following groups
to have a strong understanding of biological collections uses (e.g., uses of herbaria).”
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(b) Student responses to the question “What type
of career professionals use herbarium
collections?”

(c) Student responses to the question “List three
different hypotheses you could test (or three
different questions you could answer) using data
collected from herbarium specimens. ”
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Figure 4. Pre- and postmodule assessment of student gains toward learning objective 6. Statistical significance is indicated

by an asterisk (*p < .05).

phenomena (figure 2g). We asked the students an open-
ended question about differences between specimen-based
and observation-based data and saw a significant increase in
responses that noted either that specimen-based data were
verifiable or that observation-based data were not verifiable

https://academic.oup.com/bioscience

(35% to 51%; p = .001) indicating an understanding of
biodiversity data types.

The student responses on the postmodule assessment
showed an increase in their ability to identify challenges
associated with large, aggregated data sets (figure 5a). There
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(a) Student responses to the question “What are some challenges
associated with using large, aggregated datasets? Feel free to list
challenges as assumptions that have to be made or limitations that
must be considered before analyzing data for a research project.”
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(b) Student responses to the question “Please rate how important you think it is for the following groups
to have a strong understanding of large datasets or ‘big data’ use and analysis.”
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Figure 5. Pre- and postmodule assessment of student gains toward learning objective 7. Statistical significance is indicated

by an asterisk (*p < .05).

was a significant increase in the percentage of the students
noting inaccurate identification of specimens (2% to 8%;
p = .006), time to process data (38% to 51%; p = .006), and
missing data (7% to 15%; p = .017) as challenges. About
half of the students also identified variable data quality
as a challenge, but this value did not change significantly
between the pre- and postmodule assessments (41% to 47%;
p=.13).

The students were asked to rate how important it is for
different groups of people to have a strong understanding
of large data sets or big data use and analysis. Over 90% of
the students rated knowledge about these types of data as
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important, very important, or necessary to biologists (99%
to 98%; p = .0668), scientists (99% to 97%; p = .0548), and
educators (93% to 94%; p = .2743) both before and after
the module (figure 5b). There was no significant change
in these percentages before and after the module; however,
we did see a significant shift toward greater importance
of this knowledge for all citizens (52% to 61%; p = .0075;
figure 5b).

In an effort to teach foundational knowledge regarding
biodiversity informatics, it is critical that students have an
understanding of data. Our module exposes undergraduate
students to biodiversity data in a way that provides a
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(a) Student responses to the question “What are
‘citizen scientists’?”
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(c) Student responses to the question “How
important do you think citizen science activities
will be for your future profession? ”
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to have a strong understanding of citizen science contributions.”

Biologists All scientists Educators All citizens
100% -
o\o o
[Te) o=
80% A S &
> o~ ©
S e ©
kS v X 5
< 0 ™ o=
S 60% - o S & 2
n (=)
3 ® ® S @
° Q 5
g 3 8 g B3 . <3
2 40% L <R S =g N 2S5
5 QR of P+ ORI » de o XT 8
o Tl N o N o SXNR o &
3 <o) <o} N ~ e} o NN
= ) = N 2 9 N
» 20% N o~ ™o S o -~ < =
0 =1 Ro O 3 NP L N R s -
B i XRTR X on 2R
o Lo ~ o ~ > 8
R R | 5% m |
0% A —-— —_ — | -
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
response

1 = Not important, 2 = Somewhat important, 3 = Important, 4 = Very important, 5 = Necessary

pre-module assessment . post-module assessment

Figure 6. Pre- and postmodule assessment of student gains toward learning objective 8. Statistical significance is indicated

by an asterisk (*p < .05).

baseline understanding of and appreciation for the potential
applications of these data, while also providing them with
data acumen that is translatable and applicable to any
modern career field.

The students increased their understanding of the role
of citizen science in biodiversity science. (The students
in the course and subsequent assessment used the term
citizen science; we retain that terminology to align with
the learning objectives and assessment. We use the more
inclusive community science elsewhere in the article). In
our study, 89% of the students felt well prepared, very well
prepared, or totally prepared to evaluate the importance
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of citizen scientists to large data sets (figure 2h). We asked
the students to define what a citizen scientist is, and there
was a significant increase in the percentage of the students
who stated that citizen scientists are not formally trained as
scientists (63% to 78%; p = .002) and a significant decrease
in the percentage of the students noting citizen scientists
are not paid (21% to 9%; p = .002; figure 6a). About a
quarter of the students on the premodule assessment
noted that citizen scientists perform research, and we saw
no significant change on this after the module (26% to
23%; p = .026; figure 6a). However, there was a significant
increase in the students’ noting that citizen scientists
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collect data (36% to 57%; p < .0001) and contribute to
aggregated data sets (7% to 14%; p = .02; figure 6a).

The students indicated before and after the module
that it was important, very important, or necessary for
biologists (96% to 98%; p = .0075), all scientists (96% to 98%;
p =.0038), educators (90% to 94%; p = .0005), and all citizens
(74% to 83%; p = .0001) to have a strong understanding of
the contributions of citizen science (figure 6b). These were
significant positive shifts for all categories. The students
were then asked to rate the importance of citizen science
activities in their own future professions. Both before and
after the module, more than three quarters of the students
(82% to 77%; p = .39) rated citizen science activities as
important, very important, or necessary for their future
profession; there was no significant shift in the ratings scale
(figure 6¢).

The instructors noted the students’ active engagement
with iNaturalist and the community of iNaturalist users. The
experience of participating in community science through
our module provides a framework for students to understand
this increasingly important source of biodiversity data and is
something they can build on either in a future STEM-oriented
career or as a biodiversity-literate member of society. There
is some indication of a better understanding of community
science and its contribution to biodiversity science. There
is potential here for students to further explore the role of
community science in biodiversity science and additional
exercises would help reinforce students’ understanding of
community science contributions and potential.

The instructors saw a decrease in processing backlogs
resulting from the student collections. The instructors
reported that the module was successful from a specimen
processing and digital curation perspective. Incorporating
the student collections into the research herbarium or
teaching collection was streamlined for the following reasons:
All specimens had a digital record already present on
iNaturalist, the presence of the digital record made specimen
label formats detailed and uniform, and the specimens
could be quickly sorted into research herbarium or teaching
collection piles to be mounted and accessioned. Because the
specimen processing was streamlined, subsequent students
were able to take advantage of having recent collections to
reference, both in the form of physical specimens and of
digital iNaturalist observations with photos in situ. Even
if a physical specimen was still awaiting accession, the
iNaturalist record provided access to the data. This scenario
exemplifies the open science tenet of “share early, share
often” for the students.

We identified two primary goals for the project: to educate
students in evolving best practices in specimen collection
and curation and to reduce the creation of future specimen
processing backlogs resulting from student collections.
Across the individual courses, institutions, and 2-year
timespan (2014-2016), our assessment data consistently
showed that our “Connecting students to citizen science and
curated collections” module increased student awareness
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of sources for plant identification and increased their
confidence in their ability to correctly identify specimens.
The students gained a better understanding of herbaria, and
gained critical data acumen skills relative to data discovery,
data types, data aggregation, and data usage. The students
identified potential users of herbaria, and research questions
that could be asked using aggregated herbarium specimen-
based data. Specifically, the students could explain the
difference among data types (specimen based, observation
based, and community science derived) and could describe
the challenges and assumptions of aggregated data sets. The
students also increased in their belief that all citizens should
have an understanding of large data sets and their analyses.
By the end of the module, the students felt prepared for
twenty-first century specimen collecting. Our assessment
data provide evidence that the students completing this
module learned foundational skills and content related to
taxonomy, systematics, and field botany. The assessment
data also indicate that the students gained emerging skills
and exposure to concepts related to data acumen, enabling
them to be better prepared for engaging with large, complex
data sets involving the extended specimen.

Conclusions
In the last decade, we have seen a transformation of
undergraduate biology education. At the time this module
was developed, in 2014, we had guidance from the
recommendations of Vision and Change in Undergraduate
Biology Education: A Call to Action that challenged
undergraduate biology educators to teach biology as we do
biology in the twenty-first century (AAAS 2011). Almost
in parallel, we saw a massive explosion of open data and
a prioritization of the importance of biodiversity data,
specifically specimen-based data. As researchers and
curators of regional collections, we were pushing ourselves
to learn digitization processes and new computational
and informatics skills related to creating, managing, and
accessing digital data. We made a conscious decision to
leverage the emerging data skills and technologies we
were learning through digitizing our respective regional
collections in our approach to teaching plant taxonomy,
systematics, and field biology. We modeled the community
of practice and collaboration we were using in the national
digitization effort with how we built and implemented our
educational module to effectively meet our research needs
and our teaching efforts. Our approach kept us current and
forward thinking. By merging advances in informatics and
biodiversity databases, the breadth of physical specimen
data, our collective expertise in plant biology, and changes in
twenty-first century science with the teaching and learning
recommendations of Vision and Change (AAAS 2011),
we leveraged the scholarship of teaching and of science to
create real educational experiences where the students learn
science by practicing science at the cusp of science discovery.
As we continue to be challenged in how we integrate new
skills and content into the curriculum, our example module’s
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plant collection and identification exercise demonstrates
how we can integrate advances in the practice of science
into curricula while continuing to engage the students
in foundational science practices (e.g., species literacy,
taxonomy, plant identification). The OER resources can help
educators acquiring new digital curation skills and can assist
current professionals entering digital biodiversity science
research. By employing an open education framework,
we encourage the continued adaptation and modification
of this module to include important, emergent themes in
biodiversity science and data acumen—for example, global
biodiversity knowledge (Hobern et al. 2019), decolonization
of collections (Turner 2015), traditional ecological knowledge
and conservation (Bir6 et al. 2014), and the CARE Principles
for Indigenous Data Governance (Carroll et al. 2020).

We used the same core foundational science practices
supporting the extended specimen (open science, open
data, twenty-first century collections, and interdisciplinary
collaboration; Lendemer et al. 2020) to build a community
of practice for education, share resources openly, build
and reinforce digital data skills and content knowledge,
and enhance our students’ skills related to taxonomy and
systematics. In turn, our team of educators was able to
enhance the quantity and quality of digitized data we
mobilized from our herbaria, our research expertise, and the
research contributions in our respective labs. Our students
were able to engage with the full data lifecycle and recognize
opportunities for interdisciplinary thinking in biodiversity
science—for example, between aggregated data resources or
with new audiences such as the community scientists using
iNaturalist. The extended specimen offers an opportunity to
develop extended resources for educators, extend skills that
our students can gain in core biodiversity and data science,
extend data resources and collections, and extend research
capacity and questions we can address.

Students today must leave their undergraduate education
with the ability to see the potential of open, aggregated
databases; understand the tools to access, analyze, and
infer information from data; and engage with a diverse,
interdisciplinary community to make strides in addressing
the biodiversity crises of the Anthropocene. As scientists
and educators, we must embrace the changing landscape
of biodiversity science and leverage the foundational
skills that collections have fostered for centuries to help
engage, inspire, and build the next generation of scientists.
Our “Connecting students to citizen science and curated
collections” module is an example of how a community of
practice can work collaboratively to enhance training in
foundational components of biology curricula, in this case
for a plant collection and identification exercise, and to
introduce data acumen in an authentic context.
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