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ABSTRACT

To excel in modern science, technology, engineering, and mathematics careers, biology
majors need a range of transferable skills, yet competency development is often a rela-
tively underdeveloped facet of the undergraduate curriculum. We have elaborated the
Vision and Change core competency framework into a resource called the BioSkills Guide,
a set of measurable learning outcomes that can be more readily implemented by faculty.
Following an iterative review process including more than 200 educators, we gathered
evidence of the BioSkills Guide’s content validity using a national survey of more than 400
educators. Rates of respondent support were high (74.3—-99.6%) across the 77 outcomes in
the final draft. Our national sample during the development and validation phases includ-
ed college biology educators representing more than 250 institutions, including 73 com-
munity colleges, and a range of course levels and biology subdisciplines. Comparison of
the BioSkills Guide with other science competency frameworks reveals significant overlap
but some gaps and ambiguities. These differences may reflect areas where understandings
of competencies are still evolving in the undergraduate biology community, warranting
future research. We envision the BioSkills Guide supporting a variety of applications in un-
dergraduate biology, including backward design of individual lessons and courses, compe-
tency assessment development, and curriculum mapping and planning.

INTRODUCTION

Undergraduate biology students pursue a wide variety of career paths. Approximately
46% of undergraduates majoring in life sciences—related fields go on to science, tech-
nology, engineering, and mathematics (STEM) or STEM-related occupations, includ-
ing research, engineering, management, and healthcare (Landivar, 2013). The more
than half of life science majors employed outside of STEM can be found in non-STEM
related management, business, and K-12 education, among many other positions.
Considering that the majority of college students and the general public indicate
career success as the primary motivation for attending college (Pew Research Center,
2016; Twenge and Donnelly, 2016; Strada Education Network, 2018), it follows that
undergraduate biology curricula should include competencies that will help students
thrive in their postcollege pursuits, in or out of STEM.

Employers across fields routinely rank competencies such as collaboration, com-
munication, and problem solving at the top of the list of desirable employee traits
(Strauss, 2017; National Association of Colleges and Employers, 2018), and also
report that new hires are not adequately trained in these areas (Bayer Corporation,
2014; Hart Research Associates, 2018). While “skills gap” rhetoric and the associated
vocational framing of higher education has been criticized (Cappelli, 2015; Camilli
and Hira, 2019), college courses are nonetheless a natural environment for compe-
tency development because of the opportunities to practice skills in the context of
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relevant knowledge and receive formative feedback from disci-
plinary experts (Hora, 2018).

Competencies and STEM Curriculum Reform

Many national reports have pushed educators to re-examine
how competencies are integrated into undergraduate STEM
course work (National Research Council [NRC], 2003, 2012b;
National Academies of Sciences, Engineering, and Medicine
[NASEM], 2016). In undergraduate biology, these recommen-
dations are presented in the report Vision and Change in Under-
graduate Biology Education: A Call to Action (American Associa-
tion for the Advancement of Science [AAAS], 2011). The
recommendations of Vision and Change emerged from discus-
sions among more than 500 stakeholders in undergraduate
biology education, including educators, administrators, stu-
dents, scientists, and education researchers. To prepare students
for modern careers, the report urges biology educators to frame
discussions of curricula around five core concepts and six core
competencies (listed in Table 1).

The publication of Vision and Change in 2011 coincided tem-
porally with several similar efforts to guide STEM curriculum
reform. The updated AP Biology Curriculum Framework
emphasized science practices (College Board, 2015). Founda-
tions for Future Physicians advised premedical and medical
educators away from curriculum based on lists of courses and
toward the measurement of scientific competencies (Associa-
tion of American Medical Colleges & Howard Hughes Medical
Institute, 2009). The NRC’s Framework for K—12 Science Educa-
tion advocated for the “three-dimensional” (3D) integration of
disciplinary core ideas, crosscutting concepts, and scientific
practices (NRC, 2012a). The Framework for K-12 Science Educa-
tion’s approach to elementary and secondary science education
aimed to improve science literacy in the population as a whole
by better engaging students in authentic scientific experiences.
Since its publication, the Framework for K-12 Science Education
has emerged as the consensus framework for developing K-12
science curricula and has been enumerated into the Next Gen-
eration Science Standards (Next Generation Science Standards
[NGSS] Lead States, 2013).

In comparing the Vision and Change core competencies with
the Framework for K-12 Science Education scientific practices,
we find a few notable differences (Table 1). Whereas Vision and
Change explicitly includes the ability to collaborate and to
understand the relationship between science and society, these
practices are not directly called out in the Framework for K-12
Science Education. Similarly, while the Framework for K-12 Sci-
ence Education specifically highlights the ability of students to
construct explanations, this practice is only implicitly included
in Vision and Change within the core competency of process of
science. However, taken as a whole, the overlap between the
core competencies and scientific practices is substantial
(Table 1). The parallel evolution of K-12 and undergraduate
curricular goals represents an opportunity to cohesively improve
educational outcomes and is an area that deserves continued
attention to ensure a smooth transition from high school to
college.

The development of the Vision and Change curricular recom-
mendations was an important milestone in undergraduate biol-
ogy education. By bringing together biologists and biology edu-
cation experts to reimagine the curriculum, the resulting
recommendations were specifically tailored to undergraduate
biology but with substantial overlap with related educational
efforts. Furthermore, the resulting concepts and competencies
provided a common goal, written in the language of biology
educators, promoting buy-in. As such, the Vision and Change
curricular framework has been widely embraced by the under-
graduate biology community (AAAS, 2015, 2018, 2019;
Brancaccio-Taras et al., 2016; Dirks and Knight, 2016; Course-
Source, n.d.). However, because the report’s descriptions of the
core concepts and competencies were left intentionally brief to
encourage ongoing conversations among educators, they
require elaboration in order to be implemented. Since then, two
groups have unpacked the core concepts into more detailed
frameworks (Brownell et al., 2014a; Cary and Branchaw, 2017).

For competencies, biology education researchers have enu-
merated a variety of specific scientific practices, including sci-
ence process skills (Coil et al., 2010), experimentation (Pelaez
et al, 2017), scientific literacy (Gormally et al, 2012),

TABLE 1. Comparison of Vision and Change in Undergraduate Biology Education core competencies (AAAS, 2011) and Framework for

K—-12 Science Education scientific practices (NRC, 2012a)

Vision and Change core competencies

Framework for K-12 Science Education scientific practices

* Ability to apply the process of science

* Ability to use quantitative reasoning

* Ability to use modeling and simulation®

e Ability to tap into the interdisciplinary nature of science

* Ability to communicate and collaborate with other disciplines

e Ability to understand the relationship between science and society

¢ Asking questions

* Analyzing and interpreting data

¢ Planning and carrying out investigations

¢ Engaging in argument from evidence

e Obtaining, evaluating, and communicating information®

¢ Using mathematics and computational thinking
* Developing and using models
e Crosscutting concepts®

¢ Obtaining, evaluating, and communicating information?

¢ Constructing explanations

This scientific practice aligns with two of the core competencies.

Conceptions of what models are and how they are used are not well defined in Vision and Change and thus may differ from the scientific practice presented in the

Framework for K-12 Science Education.

Crosscutting concepts is a separate dimension of the 3D Framework for K12 Science Education, not a scientific practice.
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responsible conduct of research (Diaz-Martinez et al., 2019),
quantitative reasoning (Durdn and Marshall, 2018; Stanhope
et al., 2017), bioinformatics (Wilson Sayres et al., 2018), data
science (Kjelvik and Schultheis, 2019), data communication
(Angra and Gardner, 2016), modeling (Quillin and Thomas,
2015; Diaz Eaton et al., 2019), the interdisciplinary nature of
science (Tripp and Shortlidge, 2019), and scientific writing
(Timmerman et al., 2011). Efforts to define general or STEM-
wide educational goals for college graduates can also inform
how we teach competencies in biology, such as the Association
of American College and University VALUE rubrics (Rhodes,
2010) and more targeted work on information literacy
(Association of College and Research Libraries, 2015), commu-
nication (Mercer-Mapstone and Kuchel, 2017), and process
skills (Understanding Science, 2016; Cole et al., 2018). How-
ever, no resource has yet been developed that holistically con-
siders competencies across college biology programs or that is
intentionally aligned with the recommendations of Vision and
Change.

Project Goals and Context

With the overarching goal of improving biology undergradu-
ates’ achievement of competencies relevant to their careers and
life as scientifically literate citizens, we set out to expand the six
Vision and Change core competencies into measurable learning
outcomes that describe what general biology majors should be
able to do by the time they graduate. The intention of this work
is to establish competency learning outcomes that:

1. define what each of the broadly stated competencies means
for an undergraduate biology major, especially for less com-
monly discussed competencies such as modeling and inter-
disciplinary nature of science;

2. draw on instructor expertise to calibrate an appropriate level
of competency that can be achieved over the course of a
4-year biology program;

3. serve as a starting point for backward design of individual
courses or departmental programs; and

4. ease interpretation, and therefore adoption, of the Vision
and Change core competencies in undergraduate college
curricula.

The term “competency” describes a “blend of content knowl-
edge and related skills” (NRC, 2012b) and is thus appropriate
for describing complex tasks like modeling biological systems or
understanding the interrelatedness of science and society. The
term “scientific practice” is employed similarly in the Frame-
work for K-12 Science Education (NRC, 2012a). However,
throughout the development of this resource through work-
shops, roundtables, and informal conversations, we found that
the term “skill” was more immediately recognizable (to biology
educators not engaging in discipline-based education research
[DBER]) and less frequently unintentionally confused with the
term “concept” (especially when talking about “concepts and
competencies”). While it should be noted that use of the term
“skill” can connote a simplified behaviorist framing of science
education (e.g., teacher-centered practice and rote memoriza-
tion via repetitive drills; Agarkar and Brock, 2017), we did not
find this implied definition to be held among our sample of
biology educators. Instead, we found that the term “skills” was
understood to refer to a broad set of competencies performed
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within a biological context. For the purpose of this study, we
have therefore used the term “skills” interchangeably with
“competencies” and have named the resource we developed the
“BioSkills Guide.”

We describe here the iterative, mixed-methods approach we
used to develop and establish content validity of the BioSkills
Guide. We interpreted evidence of content validity as expert
judgment of the relationship between the parts of the frame-
work (i.e., the learning outcomes in the BioSkills Guide) and
the construct (i.e., core competencies for undergraduate biol-
ogy course work; American Educational Research Association
et al., 2014). We collected evidence of content validity via a
survey of college biology educators across a range of institution
types and geographic locations within the United States, a
population we selected based on their combined expertise in
biology and undergraduate biology teaching. Many educators
in our sample were discipline-based education researchers, and
thus brought that expertise as well. We also chose to focus on
this population because they are the intended users of the
guide. Institutional change has been shown to be most effective
when the work is envisioned and led by those directly impacted
by the change (Henderson et al., 2010). A similar grassroots
approach was used to develop Vision and Change itself, as well
as related frameworks elaborating the core concepts (Brownell
et al., 2014a; Cary and Branchaw, 2017), which have been
widely utilized in our field (Smith et al., 2019; Branchaw et al.,
2020). We believe this approach is another reason why Vision
and Change has been so impactful in biology education.

Specifically, we asked the following research questions

(RQs):

RQla: Can we identify an essential set of learning outcomes
aligned with the Vision and Change core competencies?
RQ1b: How much do biology educators agree on this essen-
tial set of competency learning outcomes?

RQ2a: Does biology educators’ support of learning out-
comes differ across competencies?

RQ2b: Do biology educators with different professional
backgrounds differ in their support of learning outcomes
across competencies?

The final draft of the BioSkills Guide contains 77 measurable
learning outcomes (20 program-level and 57 course-level out-
comes) that elaborate the six Vision and Change core competen-
cies. Both the BioSkills Guide and an “expanded BioSkills
Guide,” which contains illustrative examples of activities
intended to support student mastery of the learning outcomes,
are available in the Supplemental Material. The BioSkills Guide
is also available at https://qubeshub.org/qubesresources/
publications/1305.

METHODS

This work can be divided into two phases: a constructive
development phase (RQla) and an evaluative validation
phase (RQ1b; the phases are summarized in Figure 1). During
the development phase, we used a range of methods to gather
biology education community feedback on sequential drafts
of the BioSkills Guide: Web surveys, unstructured and semi-
structured interviews, workshops, and roundtables (Table 2).
During the validation phase, we used a Web survey to mea-
sure support for the final draft among the broader biology
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Development Phase

Validation Phase

Pilot National

Expansion

Validation Validation for Use

Initial
Drafting

o began with O surveys

faculty-crafted o interviews

draft o workshops repeat
o literature o round table 5x
o interviews n=218

(~60/outcome)

o round table

O survey o survey o example
assignments
n=417 and activities
(~210/outcome)

FIGURE 1. BioSkills Guide methods overview. Initial drafting included all work to generate BioSkills Guide version . Five rounds of review
and revision were carried out on versions -V (RQ1a). Pilot validation evaluated version VI (RQ1b). National validation evaluated final

version of BioSkills Guide (RQ1b).

education community. We then applied the validation phase
survey data to answer RQ2a and 2b. This study was approved
by the University of Washington, Human Subjects Division as
exempt (STUDY00001746).

Development Phase

To address RQ1a, we developed the initial draft of the BioSkills
Guide by building on a set of programmatic learning outcomes
crafted by biology faculty at a large, public research university
in the Northwest as part of routine departmental curricular
review. We supplemented the initial draft by cross-checking its

content with the literature, leading unstructured interviews
with competency experts, and gathering feedback on a portion
of the draft at a roundtable at a national biology education con-
ference (additional details in Supplemental Methods).

We next began the first of five rounds of review and revision
of iterative drafts of the learning outcomes (Table 2). First, we
collected feedback on version I of the outcomes in writing and
via a virtual meeting with our advisory board (three biology
faculty with expertise in institutional change, programmatic
assessment, and/or curricular framework development). To
review version II of the guide, we collected written feedback on

TABLE 2. Unique participants and institutions during BioSkills Guide development and validation

Number of unique Number of unique

Phase Round Mode of review participants institutions
Development Initial drafting Faculty working groups + department roundtables 20 1
Literature review
Interviews with competency experts 11 4
Roundtable 242 6
Version I review Written feedback from advisory board 3 3
Version II review Workshop 1 24 4
. . Survey 1 21 18°
Version III review Workshop 2 6 3
Survey 2 45 19°
Interviews with community college faculty 3 3
) ) Interviews with survey respondents 5 5
Version IV review Interviews with competency experts 6 5
Roundtable 21 17
Workshop 3 32 22
Survey 3 27 21°
Version V review Workshop 4 21 1
Workshop 5 8 1
Review, combined 218 874
Validation Pilot Survey 4 20 11°
National Survey 5 397 220°
Validation, combined 4174 2254
All, combined 6344 2714

aNumber of participants is an underestimation, because not all participants completed sign-in sheet.

"Number of institutions is an underestimation, because institution is unknown for some participants.

“Number of total participants is a conservative estimation due to missing information as described in notes a and b. Number is lower than the sum of above rows because
a small percent of people participated at multiple stages, which has been accounted for where possible (e.g., known participants were only counted once; anonymous
survey respondents indicating they had previously reviewed the BioSkills Guide were deducted from the total).

4Bolding indicates total number of unique participants or institutions for a given phase.

19:ar53, 4

CBE—Life Sciences Education e 19:ar53, Winter 2020



outcome importance, ease of understanding, and completeness
at a workshop of biology faculty, postdocs, and graduate stu-
dents. The final three rounds were larger in scale, and each
included a survey to gather feedback on outcome importance,
ease of understanding, completeness, and categorization from
at least 21 college biology educators (five to 19 per learning
outcome per round; Table 2 and Supplemental Table 4). We
recruited respondents at regional and national biology educa-
tion meetings and through regional biology education networks.
To participate in any of the surveys, respondents must have
served as instructor of record of a college-level biology course.
We chose this inclusion criterion because college biology
instructors have expertise in both biology and undergraduate
biology teaching. Many respondents also had DBER experience
(48.4% during the development phase). We gathered additional
input on versions III-V drafts using four workshops, one round-
table, and 14 one-on-one interviews. Additional details on
BioSkills Guide development are in Supplemental Methods.

At the end of each round of review, we compiled and sum-
marized all relevant data (i.e., data from workshops, interviews,
roundtables, or surveys) from that round into a single docu-
ment to inform revisions. This document was then reviewed by
committee (two authors, A.\W.C. and A.J.C., for versions I-III
revisions; three authors, A.W.C., A.J.C., and J.C.H., for versions
IV and V revisions) and used to collectively decide on revisions.
The committee discussed all revisions and their justifications
over the course of several meetings per round, revisiting rele-
vant feedback from previous rounds as necessary.

During revisions, we reworded outcomes based on feedback
to ensure they were easy to understand, calibrated to the right
level of challenge for an undergraduate program, and widely
relevant to a variety of biology subdisciplines, institution types,
and course levels (Supplemental Table 1). New outcomes were
considered for addition if they were suggested by more than
one participant. We removed outcomes only after multiple
rounds of negative feedback despite revisions to improve ease
of understanding or possible concerns about challenge level or
relevance. We did not have an a priori quantitative threshold for
survey ratings to determine whether to retain outcomes; how-
ever, we critically evaluated any outcomes that had lower than
90% ratings of “important” or “very important” by reviewing
qualitative feedback from survey comments, interviews, and
workshops. This process resulted in the removal of 21 outcomes
total (ranging from 50% to 88% survey ratings of “important”
or “very important,” with an average of 73.5%) over the course
of five rounds of review (Supplemental Table 1). Occasionally,
outcomes were removed despite having higher quantitative
support than other outcomes that were retained, due to qualita-
tive feedback, such as the outcome had substantial overlap with
other outcomes, was too specialized or at too high of a chal-
lenge level for an undergraduate general biology major, or
could not be readily assessed. In general, we identified prob-
lems in the drafts by looking at outcomes that had low ratings
or low consensus (e.g., a mixture of low and high ratings). We
then used qualitative feedback from survey comments, work-
shops, roundtables, and interviews to inform revisions.

Validation Phase

To address RQ1b, we next sought to gather evidence of content
validity of the final draft via a survey of college biology educa-
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tors. Before proceeding with a national survey, however, we
first conducted a pilot validation on a smaller pool of educators
(n = 20). After reviewing the results, we revised one outcome:
“Identify methodological problems and suggest alternative
approaches or solutions.” The previous revision of this outcome
had reworded it to use language that was appropriate for a wide
range of study types (not just experiments) and happened to
remove the term “troubleshooting.” We speculated that this
term had resounded with respondents and thus led to previ-
ously observed greater levels of support, so we revised the out-
come to reintroduce it. This was the only revision to the guide
before moving on to the large-scale national validation (Supple-
mental Table 1). Additional details on the pilot validation can
be found in Supplemental Methods.

For national validation, we invited participation through
direct emails and Listservs: Society for Advancement of Biology
Education Research (SABER), Partnership for Undergraduate
Life Sciences Education regional networks, HHMI Summer
Institutes, authors of CourseSource articles tagged with “science
process skills,” Community College BioInsites, Northwest Biol-
ogy Instructors Organization, the Science Education Partner-
ship and Assessment Laboratory network, Human Anatomy and
Physiology Society, SABER Physiology Special Interest Group,
several other regional biology education-related networks, and
38 participants suggested by previous survey participants. We
additionally encouraged advisory board members, other collab-
orators, and survey respondents to share the survey invitation
widely. Because of the snowball sampling approach and the
expected overlap of many of the email lists, it is not possible to
estimate the total number of people who were invited to partic-
ipate. To participate in the survey, respondents had to meet the
same survey inclusion criterion (i.e., having taught a college
biology course) as during the development phase.

For RQ1b analysis, we combined data from the pilot valida-
tion and national validation surveys. Of the 572 people who
initiated the validation phase surveys (21 for pilot validation,
551 for national validation), 22 people did not meet our survey
inclusion criterion and 133 people did not respond to any ques-
tions after the initial screening question (i.e., did not rate any
learning outcomes) and so could not be included in our analy-
sis. It is possible that some of these 133 individuals started the
survey on one device (e.g., home computer, mobile phone) and
later restarted and completed the survey using a different
device (e.g., work computer), thus some of these 133 instances
may include individuals who ultimately responded to the sur-
vey. We do not have demographic data (e.g., institution type,
familiarity with Vision and Change) for these 133 instances and
therefore cannot assess whether these individuals differed on
demographic characteristics compared with those who did rate
at least one learning outcome. Ultimately, responses from 417
people were retained for the analysis for RQ1b (572 — 22 — 133
=417; total responses per outcome ranged from 211 to 237).

One minor modification was made in the BioSkills Guide
after national validation. The modeling learning outcome
“Build and revise conceptual models (e.g., diagrams, concept
maps, flow charts) to propose how a biological system or pro-
cess works” was revised to remove the parenthetical list of
examples. We made this revision based on postvalidation feed-
back from modeling experts, among whom there was disagree-
ment as to whether visual representations such as diagrams and

19:ar53, 5
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concept maps constitute conceptual models. To avoid confu-
sion, we removed the examples. No other revisions were made
to the learning outcomes after the national validation survey
(Supplemental Table 1).

Survey Design

As mentioned earlier, we employed five surveys over the course
of this project (three in the development phase and two in the
validation phase; Table 2). Surveys were designed and adminis-
tered following best practices in survey design and the princi-
ples of social exchange theory (Dillman et al., 2014). For devel-
opment phase surveys, respondents rated each learning
outcome on bipolar five-point Likert scales for: (1) how import-
ant or unimportant it is for a graduating general biology major
to achieve (“very important,” “important,” “neither important
nor unimportant,” “unimportant,” and “very unimportant”),
and (2) how easy or difficult it is for them to understand (“very
easy,” “easy,” “neither easy nor difficult,” “difficult,” “very diffi-
cult”). We also asked respondents to comment on their
responses, suggest missing outcomes, and evaluate (yes/no)
whether each learning outcome was accurately categorized
within its program-level outcome (when evaluating course-level
outcomes) or competency (when evaluating program-level out-
comes). For validation phase surveys, we shortened the ques-
tionnaire by removing the items on ease of understanding and
categorization and by reducing the frequency of questions that
asked respondents to comment on their responses. To minimize
time commitments and thus maximize survey responses, we
asked respondents to review outcomes associated with only two
(during development phase) or three (during validation phase)
randomly assigned competencies, with the option to review up
to all six competencies. We collected respondent demographic
information for all surveys. See Supplemental Tables 2 and 6 for
a summary of demographic information collected. The com-
plete questionnaires for version V review and national valida-
tion can be found in Supplemental Material.

” @

” «

Descriptive Analysis of Survey Responses

To address RQ1la and 1b, we calculated and visualized descrip-
tive statistics of survey responses and respondent demographics
in R v. 3.5.1 (R Core Team, 2018) using the tidyverse, ggmap,
maps, ggthemes, ggpubr, and wesanderson packages (Kahle
and Wickham, 2013; Wickham, 2016; Ram and Wickham,
2018; Kassambara, 2018; Arnold, 2019). For importance and
ease of understanding responses, we calculated the mean, min-
imum, and maximum ratings (where 5 = “very important” or
“very easy” and 1 = “very unimportant” or “very difficult”). We
binned responses of “very important” or “important” as “sup-
port,” and calculated “percent support” as the percent of respon-
dents who “supported” the outcome out of all respondents who
reviewed that outcome. We calculated the percent of respon-
dents who selected “very easy” or “easy” out of all respondents
who reviewed that outcome (development phase only). We cal-
culated the percent of respondents who indicated that the out-
come was accurately categorized within its competency or pro-
gram-level learning outcome (development phase only,
unpublished data). We read and summarized the open-ended
comments to inform revisions (development phase) or to sum-
marize suggestions of missing outcomes (validation phase). We
summarized responses to demographic questions by calculating
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the frequency and percent of respondents who selected differ-
ent responses for each question. We determined the Carnegie
Classification of their institution types, minority-serving institu-
tion (MSI) status, and geographic locations by matching their
institutions’ names with the Carnegie data set (Indiana Univer-
sity Center for Postsecondary Research, 2016). We then mapped
participant locations using their institutions’ city and state GPS
coordinates, obtained via the Google API (Kahle and Wickham,
2013).

Treatment of Missing Data for Statistical Modeling
To address RQ2a and RQ2b, we fit models of respondents’ sup-
port of learning outcomes using the competency of each out-
come and respondents’ answers to end-of-survey demographic
questions as predictors. Of our 417 initial respondents (i.e.,
respondents that rated at least one outcome) included in the
RQ1b analysis, 71 did not provide all five demographic charac-
teristics investigated in RQ2, and therefore were not included in
these analyses. After removing these 71 individuals, our ana-
lytic data set for RQ2 contained responses from 346 respon-
dents, comprising 15,321 importance ratings across 77 learning
outcomes. To ensure that these omissions did not bias our infer-
ence, we compared rates of outcome support (i.e., the depen-
dent variable in our models) from the 71 individuals who were
removed from the RQ2 analyses with rates of outcome support
from the 346 individuals that were retained and found that
rates of outcome support did not differ overall or by compe-
tency across the two groups (Supplemental Methods and Sup-
plemental Table 9). As we did not have all demographic data on
the 71 individuals removed from our RQ2 analyses, we cannot
assess whether demographic characteristics of the individuals
we removed differed from those for the individuals we retained.
As we randomly assigned respondents to rate outcomes for
particular subset of competencies, all respondents did not rate
all outcomes. Thus, the number of ratings per outcome in the
RQ2 analytic data set ranged from 183 to 206. When respon-
dents were not assigned to rate outcomes from a particular
competency, these data are missing completely at random. The
multilevel models we use in this study (described later) allow
for an unequal number of measurements across respondents in
such cases (West et al., 2014). There were a few instances in
which respondents saw an outcome within an assigned compe-
tency but did not rate it (i.e., item nonresponse), but this behav-
ior was rare (an average of 0.4% for each outcome). Our anal-
yses do not include ratings on these missing outcomes, and this
small amount of missing data is unlikely to bias our results
(Graham, 2009).

Statistical Models of Learning Outcome Ratings

In estimating models for RQ2a and 2b, we accounted for three key
aspects of our data structure. First, each respondent rated multi-
ple competencies, and each competency contained multiple out-
comes (refer to Supplemental Figure 1). We accounted for the
nonindependence in respondents and learning outcomes by fit-
ting multilevel models with respondent and learning outcome as
random effects (random intercepts) (Theobald, 2018). Second,
by design, each respondent rated learning outcomes correspond-
ing to a random subset of competencies, so not all learning out-
comes were evaluated by all respondents. To account for the
imperfect nesting of responses within respondents and learning
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outcomes in our analyses, we used cross-classified multilevel
models (Yan and Tourangeau, 2008; Olson and Smyth, 2015).
Third, respondents rated importance on a five-point Likert scale
(from “very important” to “very unimportant”), but the ratings for
learning outcomes were generally very high (i.e., not normally
distributed. We accounted for this skewed distribution by using
the binary variable “support” (i.e., support = 1 if the learning out-
come was rated “important” or “very important,” otherwise sup-
port = 0) as our dependent variable. Thus, we fit cross-classified
multilevel binary logistic regression models (Raudenbush and
Bryk, 2002) to address RQ2a and 2b. We estimated these models
using the meqrlogit command in Stata (v. 14.2).

We investigated six categorical independent variables as
fixed effects: 1) the competency associated with the learning
outcome (see six core competencies in Table 1) and five respon-
dent demographics. The demographic variables were: 2) institu-
tion type (associate’s, bachelor’s, master’s, or doctoral granting)
and whether or not the respondent 3) has experience in DBER,
4) is currently engaged in disciplinary biology research, 5) has
experience in ecology/evolutionary biology research, or 6) has
familiarity with Vision and Change. These respondent character-
istics were coded using answers to the survey’s demographic
questions (e.g., DBER experience and ecology/evolution experi-
ence variables were inferred from jointly considering responses
to field of current research and graduate training questions).

We used backward model selection to test our hypotheses
that the competency of learning outcomes (RQ2a) and the
demographics of respondents (RQ2b) affect respondents’ rating
of learning outcomes.

For each research question, we began with a complex model
and removed fixed effects one by one that did not improve
model fit in order to find the best-fitting and most parsimonious
models. Specifically, for RQ2a, the initial complex model used
“support” as the dependent variable and included a random
effect for learning outcome, a random effect for respondent,
and a fixed effect for learning outcome competency. For RQ2b,
the initial complex model used “support” as the dependent vari-
able and included a random effect for learning outcome, a ran-
dom effect for respondent, and five interactions as fixed effects:
competency X institution type, competency X experience in
DBER, competency X engagement in disciplinary biology
research, competency X experience in ecology/evolution, and
competency X Vision and Change familiarity.

During model selection, we determined model fit by com-
paring the Akaike information criterion (AIC) value of each
model to the previous model. We interpreted two models with
AAIC < 2 to have equivalent fit, and in those cases chose the
more parsimonious model. Otherwise, the model with the
lower AIC value was interpreted to have a better fit. We used
likelihood ratio tests to investigate the fit of random effects.
Inclusion of random effects for learning outcome and respon-
dent was supported for all models.

As there are many problems with interpreting individual
coefficients from logistic regression models (Long and Freese,
2014; Mustillo et al., 2018), we used predicted probabilities to
interpret the best-fitting models. For RQ2a, we used the esti-
mated regression equation from the best-fitting model to calcu-
late the predicted probability that a respondent would support
an outcome within each of the six competencies. For RQ2b, we
used the estimated regression equation from the best-fitting
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model to calculate the predicted probability of outcome support
for each combination of competency and respondent demo-
graphics of interest, holding all other variables at their means
(Long and Freese, 2014). When comparing two predicted prob-
abilities, we considered nonoverlapping 95% confidence inter-
vals as statistically significant differences.

Additional details on data processing, analysis of missing
data, and descriptive statistics of our six independent variables
can be found in Supplemental Methods and Supplemental
Tables 10 and 11.

Aligning Examples with Learning Outcomes

During initial drafting, several faculty included a list of exam-
ples of in-class activities and assignments associated with each
learning outcome. After national validation, we updated this
list by revising, adding, or realigning examples in keeping with
outcome revisions. Example additions drew from conversations
with biology educators throughout the development phase.
Two authors (A.W.C. and A.J.C.) who have experience teaching
undergraduate biology courses and expertise in molecular and
cell biology carried out the drafting and revising portion of this
work. To confirm alignment of the examples with correspond-
ing course-level learning outcomes, three additional college
biology instructors (including author J.C.H.) independently
reviewed the examples and assessed alignment (yes/no). We
selected these additional example reviewers based on their
complementary expertise in ecology, evolutionary biology, and
physiology. We removed or revised examples until unanimous
agreement on alignment was reached.

RESULTS

Development of the BioSkills Guide

RQ1a: Can We Identify an Essential Set of Learning Outcomes
Aligned with the Vision and Change Core Competen-
cies? Soliciting and incorporating feedback from participants
with diverse professional expertise in undergraduate biology
education was essential to ensure we identified core compe-
tency learning outcomes that were useful on a broad scale. The
initial draft of the BioSkills Guide was crafted by faculty and
expanded to include input from 51 unique participants from at
least eight institutions. We then carried out five increasingly
larger rounds of review and revision, engaging approximately
218 unique participants from at least 87 institutions (Table 2).
Throughout the development phase, we monitored demograph-
ics of participant pools and took steps to gather feedback from
traditionally undersampled groups (Figure 2, B and C and Sup-
plemental Tables 2 and 3).

To triangulate faculty perceptions of competency outcomes,
we collected and applied quantitative and qualitative feedback
on drafts of the BioSkills Guide (Figure 1). In general, we
observed that interview, workshop, and roundtable data corrob-
orated many of the trends observed from the surveys, with the
same outcomes being least supported (e.g., rated “unimport-
ant”) or arousing confusion (e.g., rated “difficult” to under-
stand). This provided evidence that the survey was as effective
as the other qualitative methods at gauging faculty perceptions
of competencies. The survey therefore enabled us to quantita-
tively assess areas of strength and weakness within drafts more
quickly and across a broader population. Using both quantitative
and qualitative feedback, every outcome was revised for
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Course
Levels
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Type

Teaching Current Bio DBER
Discipline Research Experience

molecular/

associates
22%
cell 27%

lower only yes 28%
319

o

yes 44%

physiology
14%

bachelors
24%

ecology/
evolution

mist.ers 16%

doctoral general
29% 25%

upper only
10% other 5%
other 1%

unknown
12%

unknown
16%

unknown
unknown 16%

unknown
13% 13%

Phase
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e 1
® 10

® 40
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FIGURE 2. BioSkills Guide development and validation participants spanned a range of
institution types, expertise, and geographic locations. (A) Self-reported demographics of
validation phase survey respondents (n = 417). Current engagement in disciplinary
biology research was inferred from field of current research. Experience in DBER was
inferred from fields of current research and graduate training. (B) Geographic distribu-
tion of participants from 263 unique institutions, representing 556 participants with
known institutions. Size is proportional to the number of participants from that institu-
tion. Only institutions in the continental United States and British Columbia are shown.
Additional participants came from Alaska, Alberta, Hawaii, India, Puerto Rico, and
Scotland (eight institutions). (C) Geographic distribution of participants from community
colleges and MSls: 73 unique community colleges and 49 unique MSIs (46 shown; not
shown are MSis in Alaska and Puerto Rico); 23 institutions were classified as both
community colleges and MSis.

substance and/or style at least once over the course of the devel-
opment phase, with most outcomes being revised several times
(Supplemental Table 1).
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There are four key structural features of
the BioSkills Guide that were introduced
by faculty early in the development phase.
First, the initial draft was written as learn-
ing outcomes (i.e., descriptions of what stu-
dents will be able to know and do) rather
than statements (i.e., descriptions of the
competency itself). We kept this structure
to better support backward design
(Wiggins and McTighe, 1998). Second, the
guide has a two-tiered structure: each core
competency contains two to six pro-
gram-level learning outcomes, and each
program-level learning outcome contains
two to six course-level learning outcomes
(illustrated in Supplemental Figure 1). Fac-
ulty who participated in the initial drafting
spontaneously generated this nested orga-
nization, likely reflecting their intended
use(s) of the guide for a range of curricular
tasks at the program and course levels.
Third, the initial draft was written at the
level of a graduating general biology major
(4-year program). We decided to keep this
focus to align with the goals of Vision and
Change, which presented the core concepts
and competencies as an overarching frame-
work for the entire undergraduate biology
curriculum (AAAS, 2011). A similar
approach was taken during development
of the BioCore Guide for the core concepts,
based on their alignment with Vision and
Change and the finding that the vast major-
ity of colleges offer a general biology
degree (Brownell et al., 2014a). Finally, we
decided, via conversations with our advi-
sory board, to include only measurable
learning outcomes so as to directly support
assessment use and development. This led
us to reframe outcomes related to student
attitudes and affect (e.g., an outcome on
appreciating the role of science in everyday
life was revised to “use examples to
describe the relevance of science in every-
day experiences”).

National Validation of the BioSkills
Guide

RQ1b: How Much Do Biology Educators
Agree on This Essential Set of Compe-
tency Learning Outcomes? We gathered
evidence of content validity of the final
draft of the BioSkills Guide using a
national survey. We decided to move to
validation based on the results of the fifth
round of review (version V). Specifically,
the lowest-rated outcome from the version

V survey had 72.7% support (Figure 3 and Supplemental Table
4). The previous minimums were 16.7% and 50% for versions
III and IV surveys, respectively. Furthermore, all outcomes were
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FIGURE 3. Learning outcome ratings show increasing consensus
over iterative rounds of revision. Survey ratings were summarized
by calculating the percent of respondents who selected “import-
ant” or “very important” for each outcome (i.e., percent support).
Ratings from pilot and national validation surveys were combined
as “validation” (RQ1b). Each circle represents a single learning
outcome. Horizontal lines indicate means across all outcomes
from that survey. Points are jittered to reveal distribution. These
data are represented in tabular form in Table 3.

rated “easy” or “very easy” to understand by the majority of
respondents (Supplemental Figure 2 and Supplemental Table
5), and no new substantial suggestions for changes were raised
in survey comments or workshop feedback on version V.

The validation survey included 417 college biology educa-
tors, from at least 225 institutions, who evaluated the learning
outcomes for their importance for a graduating general biology
major (Table 2). Respondents had representation from a range
of geographic regions, biology subdisciplines taught, course lev-
els taught, research focuses, and institution types (Figure 2 and
Supplemental Table 6), including respondents representing a
range of community colleges and MSIs (Figure 2C and Supple-
mental Table 3).

Each respondent was asked to review a subset of outcomes,
resulting in each outcome being reviewed by 211-237 college
biology educators. The lowest mean importance rating for any
outcome was 4 (equivalent to a rating of “important”), and the
average mean importance rating across all outcomes was 4.5
(Supplemental Tables 4 and 7). We additionally inferred “per-
cent support” for each outcome by calculating the percent of
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respondents who reviewed it who rated it as “important” or
“very important.” Percent support ranged from 74.3% to 99.6%,
with a mean of 91.9% (Figure 3 and Supplemental Table 4).
Nearly two-thirds (or 51) of the 77 outcomes had greater than
90% support (Table 3). Four outcomes had less than 80% sup-
port, with the lowest-rated outcome being supported by 74% of
respondents who reviewed it (Table 4). In addition to having
respondents rate the outcomes, we asked them to describe any
essential learning outcomes that were missing from the guide
(summarized in Supplemental Table 8).

Interpreting Statistical Models of Learning Outcome
Support

RQZ2a: Does Biology Educators’ Support of Learning Out-
comes Differ across Competencies? For RQ2a, we hypothe-
sized that differences in learning outcome ratings (as observed
in RQ1b) could, in part, be explained by the learning outcome’s
competency, with certain competencies being more supported
than others. Indeed, a model that included competency had a
better fit than one that did not (AAIC = —22.21; Supplemental
Table 12). It is worth noting that, despite the fact that inclusion
of competency improved model fit, predicted probabilities of
support were high across all six competencies (ranging from
94.2% to 99.1% support; Figure 4A).

RQ2b: Do Biology Educators with Different Professional
Backgrounds Differ in Their Support of Learning Outcomes
across Competencies? For RQ2b, we hypothesized that dif-
ferences in respondent demographics like expertise (i.e., expe-
rience in DBER, experience with ecology/evolutionary biology
research, familiarity with Vision and Change) or professional
culture (i.e., institution type, current engagement in disci-
plinary biology research) would affect respondents’ support of
learning outcomes in different competencies, likely through dif-
ferences in perceptions of their usefulness or feasibility. For
example, respondents who have spent time conducting ecology
and/or evolutionary biology research might rate modeling and
quantitative reasoning learning outcomes more highly because
of the important role quantitative modeling has historically
played in these fields. We tested this hypothesis using backward
model selection, fitting models that included the interaction of
competency and our five respondent demographics. We found
that the best-fitting model was one that included three
competency by demographic interactions and one respondent

TABLE 3. Learning outcome ratings show increasing support over iterative rounds of revision

Learning outcome support levels?

Phase Round >90% 80-90% 70-80% <70% Total®

Development Version III 38 20 8 14 80¢
Version IV 57 14 4 3 78
Version V 56 18 6 0 80

Validation Pilot 66 8 3 0 77
National 52 21 4 0 77
Combined? 51 22 4 0 77

aSurvey ratings were summarized by calculating the percent of respondents who selected “important” or “very important” for each outcome (i.e., percent support).
Outcomes were then binned into the indicated ranges. These data are visually represented in Figure 3.

"Total number of learning outcomes in indicated round of review.
‘One outcome (out of 81 total) was mistakenly omitted from the version III survey.

dNumber of learning outcomes in indicated support level range after combining survey responses from pilot and national validation rounds and recalculating percent

support for each learning outcome.
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TABLE 4. Top five and bottom five supported learning outcomes from validation phase

Competency Outcome?® Percent support® Mean® Maximum® Minimum®

Quantitative reasoning Perform basic calculations (e.g., percentages, frequencies, rates, 99.6 4.9 5 3
means).

Quantitative reasoning Create and interpret informative graphs and other data 99.6 4.9 5 3
visualizations.

Process of science Analyze data, summarize resulting patterns, and draw 99.1 4.8 5 1
appropriate conclusions.

Quantitative reasoning Interpret the biological meaning of quantitative results. 99.1 4.7

Quantitative reasoning Record, organize, and annotate simple data sets. 98.7 4.8

Process of science Evaluate and suggest best practices for responsible research 82 4.2
conduct (e.g., lab safety, record keeping, proper citation of
sources).

Science and society Identify and describe how systemic factors (e.g., socioeconomic, 78.9 4.1 5 1
political) affect how and by whom science is conducted.

Modeling Modeling: build and evaluate models of biological systems.? 75.5 4 5 1

Interdisciplinary nature Suggest how collaborators in STEM and non-STEM disciplines 74.3 4 5 1

of science could contribute to solutions of real-world problems.
Interdisciplinary nature Describe examples of real-world problems that are too complex 74 4 5 1

of science

to be solved by applying biological approaches alone.

2All outcomes shown except “modeling: build and evaluate models of biological systems” are course-level learning outcomes.
"Percent support was calculated as the percent of respondents who rated the outcome as “important” or “very important.” Five highest- and lowest-rated outcomes by

percent support are shown.

‘Mean, maximum, and minimum of survey respondents’ importance ratings, where 5 = “very important” and 1 = “very unimportant.”

demographic main effect. Specifically, respondents’ support of
outcomes within each competency differed based on their insti-
tution types, experience in DBER, and current engagement in
biology research (Supplemental Table 12). Respondents’ sup-
port of outcomes within each competency did not differ based
on their familiarity with Vision and Change nor their experience
with ecology/evolutionary biology research; however, experi-
ence with ecology/evolutionary research was retained in the
best-fitting model as a main effect (Supplemental Figure 3).

The magnitudes of the observed differences were again
small (Figure 4B). For example, respondents who have experi-
ence with DBER exhibited similarly high support for modeling
(97.5%), quantitative reasoning (99.0%), process of science
(98.4%), and communication and collaboration (98.0%) out-
comes. In contrast, respondents who do not have experience
with DBER were statistically significantly less likely to support
modeling outcomes (92.9%) than quantitative reasoning
(99.2%), process of science (98.8%), or communication and
collaboration (98.8%) outcomes (i.e., the confidence intervals
did not overlap; Figure 4B). However, predicted probabilities
for learning outcome support were uniformly above 90% for all
respondent groups and competencies, and the greatest differ-
ence observed was 6.3%.

Summary of the Core Competencies

Below we provide descriptions of the core competencies that
summarize our understandings of college biology educator pri-
orities, as represented by the learning outcomes in the final
draft of the BioSkills Guide (Supplemental Material).

Process of Science. The process of science outcomes are pre-
sented in a particular order; however, in practice, they are
applied in a nonlinear manner. For example, scientific thinking
and information literacy include foundational scientific compe-
tencies such as critical thinking and understanding the nature
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of science, and thus are integral to all parts of the process of
science. Question formulation, study design, and data interpre-
tation and evaluation are iteratively applied when carrying out
a scientific study, and also must be mastered to achieve compe-
tence in evaluating scientific information. The final pro-
gram-level outcome, “doing research,” emerged from conversa-
tions with biology educators who emphasized that the
experience of applying and integrating the other process of sci-
ence outcomes while engaging in research leads to outcomes
that are likely greater than the sum of their parts. Course-based
or independent research experiences in the lab or field are gen-
erally thought to be particularly well suited for teaching process
of science; however, many of these outcomes can also be prac-
ticed by engaging with scientific literature and existing data
sets. Competence in process of science outcomes will help stu-
dents become not only proficient scientists, but also critical
thinkers and scientifically literate citizens.

Quantitative Reasoning. This comprehensive interpretation of
quantitative reasoning includes math, logic, data management
and presentation, and an introduction to computation. Beyond
being essential for many data analysis tasks, this competency is
integral to work in all biological subdisciplines and an important
component of several other core competencies. Indeed, the uni-
versality of math and logic provide a “common language” that
can facilitate interdisciplinary conversations. Furthermore, the
outcomes emphasize the application of quantitative reasoning in
the context of understanding and studying biology, mirroring
national recommendations to rethink how math is integrated into
undergraduate biology course work. In summary, the outcomes
presented here can be included in nearly any biology course to
support the development of strong quantitative competency.

Modeling. Models are tools that scientists use to develop new
insights into complex and dynamic biological structures,
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FIGURE 4. Competency and respondent demographics have significant but small effects on learning outcome support. Predicted
probabilities of a respondent supporting (i.e., rating “important” or “very important”) a learning outcome in the indicated competen-

cy for (A) all respondents (RQ2a) or (B) respondents in various demographic groups (RQ2b). Predicted probabilities were calculated using
best-fitting models for each research question. Vertical lines represent 95% confidence intervals. Note that y-axis has been truncated.

mechanisms, and systems. Biologists routinely use models
informally to develop their ideas and communicate them with
others. Models can also be built and manipulated to refine
hypotheses, predict future outcomes, and investigate relation-
ships among parts of a system. It is important to note that there
are many different types of models, each with its own applica-
tions, strengths, and limitations that must be evaluated by the
user. The modeling outcomes can be practiced using an array of
different model types: mathematical (e.g., equations, charts),
computational (e.g., simulations), visual (e.g., diagrams, con-
cept maps), and physical (e.g., 3D models).

Interdisciplinary Nature of Science. Scientific phenomena are
not constrained by traditional disciplinary silos. To have a full
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understanding of biological systems, students need practice
integrating scientific concepts across disciplines, including mul-
tiple fields of biology and disciplines of STEM. Furthermore,
today’s most pressing societal problems are ill-defined and mul-
tifaceted and therefore require interdisciplinary solutions.
Efforts to solve these complex problems benefit from consider-
ing perspectives of those working at multiple biological scales
(i.e., molecules to ecosystems), in multiple STEM fields (e.g.,
math, engineering), and in non-STEM fields (e.g., humanities,
social sciences), and from input from those outside academia
(e.g., city planners, medical practitioners, community leaders).
Productive interdisciplinary biologists therefore recognize the
value in collaborating with experts across disciplines and have
the competency needed to communicate with diverse groups.
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Communication and Collaboration. Communication and
collaboration are essential components of the scientific process.
These outcomes include competencies for interacting with biol-
ogists, other non-biology experts, and the general public for a
variety of purposes. In the context of undergraduate biology,
metacognition involves the ability to accurately sense and reg-
ulate one’s behavior both as an individual and as part of a team.

Regardless of their specific career trajectories, all biology
students require this competency to thoughtfully and effectively
work and communicate with others.

Science and Society. Science does not exist in a vacuum.
Scientific knowledge is constructed by the people engaged in
science. It builds on past findings and changes in light of new
interpretations, new data, and changing societal influences.
Furthermore, advances in science affect lives and environments
worldwide. For these reasons, students should learn to reflex-
ively question not only how scientific findings were made, but
by whom and for what purpose. A more integrated view of sci-
ence as a socially situated way of understanding the world will
help students be better scientists, advocates for science, and
scientifically literate citizens.

Examples of Activities That Support Competency
Development

The faculty who wrote the initial draft of the BioSkills Guide
included classroom examples in addition to learning outcomes.
A number of early development phase participants expressed
that they appreciated having these examples for use in brain-
storming ways competencies might be adapted for different
courses. Based on this positive feedback, we decided to retain
and supplement the examples so that they could be used by
others (Supplemental Material). These examples are not
exhaustive and have not undergone the same rigorous process
of review as the learning outcomes, but we have confirmed
alignment of the examples with five college biology educators
with complementary subdisciplinary teaching expertise. We
envision the examples aiding with interpretation of the learning
outcomes in a variety of class settings (i.e., course levels, sub-
disciplines of biology, class sizes).

DISCUSSION

The BioSkills Guide Is a Nationally Validated Resource for
the Core Competencies

Employing feedback from more than 600 college biology educa-
tors, we have developed and gathered evidence of content

Design
lessons
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assessments

Let students know
expectations

e

Lesson

Course

FIGURE 5. The BioSkills Guide can support a range of curricular scales.
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validity for a set of 77 essential learning outcomes for the six
Vision and Change core competencies. During national valida-
tion, all learning outcomes had support from >74% of survey
respondents, with an average of 92% support. This high level of
support suggests that we successfully recruited and applied
input from a range of educators during the development phase.
As the broadest competency-focused learning outcome frame-
work for undergraduate biology education to date, the BioSkills
Guide provides insight on the array of competencies that biol-
ogy educators consider essential for all biology majors to mas-
ter during college. We propose that this guide be used to sup-
port a variety of curricular tasks, including course design,
assessment development, and curriculum mapping (Figure 5).

Examining Variation in Educator Survey Responses

We used statistical modeling to investigate whether respon-
dents’ professional backgrounds could explain their likelihood
of supporting outcomes in different competencies. We detected
several respondent demographics that were associated with dif-
ferences in support of learning outcomes within different com-
petencies; however, observed differences may not have been
large enough to be meaningful on a practical level. In other
words, it is unclear whether differences in the perceived impor-
tance of particular outcomes by less than 10% of individuals
among various educator populations is sufficient to sway curric-
ular decisions.

The results of our RQ2 analyses suggest that 1) there was
not sufficient variation in our data set to detect substantial dif-
ferences, 2) educators from different backgrounds (at least
those investigated in this study) think similarly about compe-
tencies, or 3) a combination of these two. In support of 1), 51
out of 77 outcomes had greater than 90% support, likely due to
our intentional study design of iteratively revising outcomes to
reach consensus during the development phase. In support of
2), it is reasonable that college biology educators in the United
States are more culturally alike than different, given broad sim-
ilarities in their graduate education experiences (Grunspan
et al., 2018). Thus, we believe the most likely explanation for
the small size of the observed differences is a combination of
study design and similarities in educator training.

We could not help but note that, in instances in which demo-
graphic by competency interactions existed, trends, albeit small,
consistently pointed toward differences in support for the mod-
eling competency (Figure 4B). Further work is needed to deter-
mine whether this trend is supported, but we offer a hypothesis
based on observations made over the course of this project:
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prerequisites
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Series Program
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Although we strove to write learning outcomes that are clear
and concrete, it is possible that respondents interpreted the dif-
ficulty level or focus of modeling-related learning outcomes dif-
ferently depending on their interpretation of the term “model.”
Varying definitions of models were a common theme in survey
comments and interviews. Recently, a group of mathematicians
and biologists (National Institute for Mathematical and Biolog-
ical Synthesis [NIMBioS]) joined forces to address this issue
(Diaz Eaton et al., 2019). They argue that differences in concep-
tions of modeling among scientists within and across fields have
stood in the way of progress in integrating modeling into under-
graduate courses. In an effort to improve biology modeling edu-
cation, they propose a framework, including a definition of
model (“a simplified, abstract or concrete representation of rela-
tionships and/or processes in the real world, constructed for
some purpose”; Diaz Eaton et al., 2019, p. 5). It is important to
note that this definition is not fully consistent with other work
on models in science education in its relative emphasis of the
role of models for generating new insights versus the role of
models as representations (Gouvea and Passmore, 2017). Fur-
thermore, whether a particular representation is considered to
be a model depends on how a given user interacts with that
representation. For example, an undergraduate student’s draw-
ing illustrating how genes are up-regulated by changes in the
environment would not bring new insights for a molecular biol-
ogist but would be considered a conceptual model for the stu-
dent, because the student is using the drawing to develop a
more sophisticated understanding of how gene expression phe-
notypes are impacted by environmental conditions (Dauer
et al., 2019). While additional work is needed to build a shared
understanding of modeling in the undergraduate STEM educa-
tion community, we believe the NIMBioS definition of model is
a valuable starting point for future discussions around the
value, relevance, and possible implementations of modeling in
college biology. Because the BioSkills Guide elaborates learning
outcomes for undergraduate biology majors, we chose a simi-
larly broad definition of models as representations of biological
phenomena that can be used for a variety of purposes, as elab-
orated in the Expanding Modeling section.

Limitations of the BioSkills Guide

When developing the guide, we made two early design choices
that constrained its content. First, we chose to align the out-
comes with the Vision and Change core competency framework.
We chose this approach in order to build on the momentum
Vision and Change has already gained in the undergraduate biol-
ogy community (Brownell et al., 2014a; AAAS, 2015, 2018,
2019; Brancaccio-Taras et al., 2016; Dirks and Knight, 2016;
Cary and Branchaw, 2017; CourseSource, n.d.) and thus maxi-
mize the chances that we would build a resource that under-
graduate biology educators would find useful and adopt. How-
ever, due to this choice, there are areas in which the guide does
not align with other science curriculum frameworks. For exam-
ple, while Vision and Change core competencies and the Frame-
work for K12 Science Education scientific practices overlap sub-
stantially (Table 1), the latter includes the practice of constructing
explanations, where explanations are defined as “accounts that
link scientific theory with specific observations and phenomena”
(NRC, 2012a, p. 67).” Constructing explanations is not explicitly
represented in either Vision and Change or the BioSkills Guide.
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The second design choice was that we sought evidence of
content validity via a survey of undergraduate biology educa-
tors and researchers in biology education, rather than science
education researchers who focus on science practices, nature of
science, science communication, scientific modeling, and so on.
We chose this population for our sample because they are
trained biologists and experienced biology instructors and are
therefore well positioned to weigh in on learning outcomes that
are most important in the context of undergraduate biology
courses.

In addition, we chose undergraduate biology educators
because they are the intended users of the guide. To achieve
transformation in undergraduate science education, those
undergoing the change must be a part of the change process
(Henderson et al., 2010). Furthermore, by developing the guide
hand-in-hand with a broad sample of educators, we aimed to
create a tool written in the language used and understood by
those who would be implementing these practices in their class-
rooms. In many cases throughout the development phase, we
found that small changes in wording affected reviewers’ ratings
of the learning outcomes, and thus precise use of language was
essential. Indeed, developing a common language around sci-
entific practices (e.g., the distinction between argumentation
and explanation) has been shown to be a key step in adoption
of NGSS by K-12 teachers (Friedrichsen and Barnett, 2018).

While sampling from this population has advantages, there
are also limitations. Although a substantial share of our survey
respondents indicated experience in DBER as well (48.4%
during the development phase, 27.8% during the validation
phase), the BioSkills Guide outcomes primarily represent biol-
ogy educators’ and discipline-based education researchers’
understandings of competencies. Thus, some outcomes repre-
sent beliefs held by undergraduate biology educators and
researchers that do not fully reflect current understandings in
the science education research community. One example relates
to the definition of “model,” as described earlier. Another exam-
ple is the learning outcome “design controlled experiments,
including plans for analyzing the data,” which could be inter-
preted to overlook the fact that many scientific studies are not
experimental (McComas, 1998). In this case, this interpretation
would only partially be true. Feedback we received during the
development phase indicated that reviewers of the BioSkills
Guide in fact recognized the importance of including nonexper-
imental studies when teaching the process of science. In
response to this feedback, we replaced the word “experiment”
in the initial draft with the word “study” in several outcomes to
be inclusive of experimental and nonexperimental studies.
However, workshop and interview data indicated that, on the
whole, biology educators also supported explicitly teaching
experimental design as a way to introduce students to the rigors
of scientific thinking. This led to our retaining the term “exper-
iment” in this particular learning outcome, which received
91.5% support during the validation phase.

Limitations such as these should be kept in mind when inter-
preting the guide, and we encourage educators to consult mul-
tiple frameworks when designing and revising curricula. We
suggest that the Framework for K-12 Science Education (NRC,
2012a), as well as the associated standards (NGSS Lead States,
2013), is an especially important resource for undergraduate
biology educators to be familiar with, given its impact in K-12
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science education and the importance of scaffolding the transi-
tion from secondary to postsecondary science courses. The
Framework for K-12 Science Education has transformed the
K-12 education community’s conversations about curriculum
by providing a common language with a strong theoretical
grounding. Since the framework’s introduction in 2012, under-
standings of it have naturally deepened through the work of
applying it in curricula and research (Brown and Sadler, 2018).
Ongoing implementation work with the scientific practices,
especially as they integrate with the framework’s other dimen-
sions (i.e., crosscutting concepts and disciplinary core ideas)
has yielded many productive insights, including the importance
of phenomena as an anchor for 3D curricula (Reiser et al.,
2017). In a similar vein, we hope that efforts to implement the
BioSkills Guide will help facilitate growth in undergraduate
biology education.

Points of discrepancy between the BioSkills Guide and other
science education frameworks may reflect areas where under-
standings of science competencies or practices are still evolving.
Future work should consider where and why biology educators’
priorities and conceptions of competencies differ from experts
in other fields, including the cognitive and learning sciences
and other DBER fields. Such research will undoubtedly be made
stronger by working cross-disciplinarily with those experts
(Dolan, 2017).

Defining the Scope of Core Competencies

During the development phase, input from participants led us
to expand or revise the focus of certain core competencies rela-
tive to their original descriptions in the Vision and Change report
(AAAS, 2011). We believe that these evolutions in understand-
ing are in keeping with the spirit of Vision and Change, which
encouraged educators to engage in ongoing conversations
about elaboration and implementation.

Defining the Role of Research in Process of Science. Vision
and Change and other leaders in STEM education have empha-
sized the importance of incorporating research experiences
into the undergraduate curriculum (AAAS, 2011; Auchincloss
et al., 2014; NASEM, 2017). We therefore drafted a pro-
gram-level learning outcome related to “doing research” for
process of science. However, it was initially unclear how this
outcome should be worded and what course-level learning out-
comes, if any, should be embedded within it. This outcome
generally had strong support (>80% rating “important” or
“very important”) throughout the development phase, but a
survey question asking for suggestions of appropriate course-
level outcomes yielded only outcomes found elsewhere in the
guide (e.g., collaboration, data analysis, information literacy)
or affect-related outcomes (e.g., persistence, belonging), which
we had previously decided were beyond the scope of this
resource. We gained additional insight into this question
through qualitative approaches. Roundtable and interview par-
ticipants reiterated that the learning outcomes associated with
research experiences, whether in a course-based or indepen-
dent setting, were distinct from and “greater than the sum of
the parts” of those gained during other activities aimed at prac-
ticing individual, related outcomes. Furthermore, many partic-
ipants indicated the outcome was important for supporting
continued efforts to systematically include research in under-
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graduate curricula (also see Cooper et al., 2017). This feedback
prompted us to retain this program-level outcome, even though
it lacks accompanying course-level learning outcomes.

Expanding Modeling. The Vision and Change description of
the “ability to use modeling and simulation” provides examples
that emphasize the use of computational and mathematical
models, such as “computational modeling of dynamic systems”
and “incorporating stochasticity into biological models”
(AAAS, 2011). From interviews and survey comments, we
found that many participants likewise valued these skill sets,
likely because they help prepare students for jobs (also see
Duran and Marshall, 2018). However, many participants felt
the definition of “modeling” should be expanded to include the
use of conceptual models. This sentiment is supported by the
K-12 STEM education literature, which establishes conceptual
modeling as a foundational scientific practice (Passmore et al.,
2009; NRC, 2012a; Svoboda and Passmore, 2013). Such liter-
ature defines models and promotes their use based on their
ability to help students (and scientists) develop new insights
(Gouvea and Passmore, 2017). Indeed, building and interpret-
ing conceptual models supports learning of other competen-
cies and concepts, including data interpretation (Zagallo et al.,
2016), study design (Hester et al., 2018), systems thinking
(Dauer et al., 2013, 2019; Bergan-Roller et al., 2018), and evo-
lution (Speth et al., 2014). Proponents of incorporating draw-
ing into the undergraduate biology curriculum have made sim-
ilar arguments to increase the scope of modeling as a
competency (Quillin and Thomas, 2015). Given this expansion
of the competency, we decided to revise the competency “title”
accordingly. Throughout the project, we found that the phrase
“modeling and simulation” triggered thoughts of computa-
tional and mathematical models and their applications, to the
exclusion of conceptual modeling. We have therefore revised
the shorthand title of this competency to the simpler “model-
ing” to emphasize the range of models (e.g., conceptual, phys-
ical, mathematical, computational; also see Diaz Eaton et al.,
2019) that students may create and work with in college biol-
ogy courses.

Defining the Interdisciplinary Nature of Science. Like model-
ing, the “ability to tap into the interdisciplinary nature of sci-
ence” is a forward-looking competency. It represents the fore-
front of biological research, but not necessarily current practices
in the majority of undergraduate biology classrooms. Elaborat-
ing it into learning outcomes therefore required additional
work, including interviews with interdisciplinary biologists,
examination of the literature (e.g., Project Kaleidoscope, 2011;
Gouvea et al., 2013; National Academy of Engineering and
National Research Council, 2014), and discussions at two
roundtables at national biology education research conferences.
Since initiating this work, a framework has been presented for
implementing this competency in undergraduate biology edu-
cation, including a working definition: “Interdisciplinary sci-
ence is the collaborative process of integrating knowledge/
expertise from trained individuals of two or more disciplines—
leveraging various perspectives, approaches, and research
methods/methodologies—to provide advancement beyond the
scope of one discipline’s ability” (Tripp and Shortlidge, 2019,
p. 5). We believe this definition aligns well with the content of
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the interdisciplinary nature of science learning outcomes in the
final draft of the BioSkills Guide, especially in its emphasis on
collaboration.

Expanding Communication and Collaboration. The faculty
team who composed the initial draft of the BioSkills Guide
expanded the communication and collaboration competency
significantly. First, they loosened the constraints implied by the
title assigned by Vision and Change (“ability to communicate
and collaborate with other disciplines”) to encompass communi-
cation and collaboration with many types of people: other biol-
ogists, scientists in other disciplines, and non-scientists. This
expansion was unanimously supported by participant feedback
throughout the development phase and has been promoted in
the literature (Brownell et al., 2013; Mercer-Mapstone and
Kuchel, 2017). Second, the drafting faculty included a pro-
gram-level outcome relating to metacognition. Metacognition
and other self-regulated learning skills were not included in the
Vision and Change core competencies, but the majority of sur-
vey respondents nonetheless supported these outcomes. Some
respondents raised concerns about the appropriateness of cate-
gorizing metacognition in this competency. However, because
its inclusion was well-supported by qualitative and quantitative
feedback and it was most directly connected with this compe-
tency, we have retained it here.

Next Steps for the Core Competencies
The BioSkills Guide defines course- and program-level learning
outcomes for the core competencies, but there is more work to
be done to support backward design of competency teaching.
Instructors will need to create lesson-level learning objectives
that describe how competencies will be taught and assessed in
the context of day-to-day class sessions. It is likely that a similar
national-level effort to define lesson-level objectives would be
particularly challenging because of the number of possible com-
binations. First of all, most authentic scientific tasks (e.g., pre-
senting data for peer review, using models and interdisciplinary
understandings to make hypotheses about observed phenom-
ena, proposing solutions to real-world problems) require simul-
taneous use of multiple competencies. Second, instructors will
need to define how core competencies interface with biology
content and concepts. To this end, existing tools for interpreting
the Vision and Change core concepts (Brownell et al., 2014a;
Cary and Branchaw, 2017) will be valuable companions to the
BioSkills Guide, together providing a holistic view of national
recommendations for the undergraduate biology curriculum.
We view the complexities of combining concepts and compe-
tencies in daily learning objectives as a feature of the
course-planning process, allowing instructors to retain flexibil-
ity and creative freedom. Furthermore, one well-designed les-
son can provide the opportunity to practice multiple concepts
and competencies. For example, to model the process of cell
respiration, students apply not only the competency of model-
ing but also conceptual understandings of systems and the
transformation of matter and energy (Dauer et al., 2013; Ber-
gan-Roller et al., 2018). The 3D Learning Assessment Protocol
(Laverty et al., 2016), informed by the multidimensional design
of the Framework for K-12 Science Education (NRC, 2012a),
may be a valuable resource for considering these sorts of
combinations. Several groups have already begun proposing
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solutions to this work in the context of Vision and Change (Dirks
and Knight, 2016; Cary and Branchaw, 2017).

Another complexity to consider when planning core compe-
tency teaching is at what point in the curriculum competencies
should be taught and in what order. Scaffolding competencies
across course series or whole programs will require thoughtful
reflection on the component parts of each learning outcome
and how students develop these outcomes over time. To assist
in this work, there are a number of resources focusing on partic-
ular competencies (e.g., see Quillin and Thomas, 2015; Angra
and Gardner, 2016; Pelaez et al., 2017; Wilson Sayres et al.,
2018; Diaz Eaton et al., 2019; Diaz-Martinez et al., 2019; Tripp
and Shortlidge, 2019), all of which describe specific competen-
cies in further detail than is contained in the BioSkills Guide.
Additionally, work developing learning progressions in K-12
education, and more recently higher education, could guide
future investigations of competency scaffolding (Schwarz et al.,
2009; Scott et al., 2019). We encourage educators to be
thoughtful not only about how individual competencies can
build over the course of a college education, but how all of the
competencies will work together to form complex, authentic
expertise that is greater than the sum of its parts.

Given that more than 50% of STEM majors attend a commu-
nity college during their undergraduate careers (National Sci-
ence Foundation, National Center for Science and Engineering
Statistics, 2010), yet less than 5% of biology education research
studies include community college participation (Schinske
et al., 2017), we were intentional about including community
college faculty throughout the development and validation of
the BioSkills Guide (Figure 2C and Supplemental Table 3). So,
while the learning outcomes are calibrated to what a general
biology major should be able to do by the end of a 4-year degree,
we were able to develop widely relevant outcomes by identify-
ing connections between each competency and current teach-
ing practices of 2-year faculty. Nonetheless, it remains an open
question whether certain competencies should be emphasized
at the introductory level, either because they are necessary pre-
requisites to upper-level work or because introductory biology
may be a key opportunity to develop biological literacy for the
many people who begin but do not end up completing a life
sciences major. Discussions of how and when to teach compe-
tencies in introductory biology are ongoing (Kruchten et al.,
2018). It will be essential that priorities, needs, and barriers
for faculty from a range of institutional contexts, particularly
community colleges, are considered in those discussions (e.g.,
Corwin et al., 2019).

Applications of the BioSkills Guide

The BioSkills Guide is intended to be a resource, not a prescrip-
tion. We encourage educators to adapt the outcomes to align
with their students’ interests, needs, and current abilities.
Reviewing the suggestions for additional learning outcomes
made by national validation survey respondents (Supplemental
Table 8) provides some preliminary insight into how educators
may choose to revise the guide. For example, some respondents
wished to increase the challenge level of particular outcomes
(e.g., “use computational tools to analyze large data sets” rather
than “describe how biologists answer research questions using
... large data sets”) or to create more focused outcomes (e.g.,
“describe the ways scientific research has mistreated people
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from minority groups” rather than “describe the broader socie-
tal impacts of biological research on different stakeholders”).
Moreover, the content of the guide as a whole should be revis-
ited and updated over time, as college educator perceptions will
evolve in response to the changing nature of biology, the scien-
tific job market, and increased adoption of NGSS at the K-12
level.

We envision many applications of the BioSkills Guide across
curricular scales (Figure 5). The guide intentionally contains a
two-tiered structure, with program-level learning outcomes
that are intended to be completed by the end of a 4-year degree
and course-level learning outcomes that are smaller in scale
and more closely resemble outcomes listed on a course syllabus.
The program-level learning outcomes could serve as a frame-
work for curriculum mapping, allowing departments to docu-
ment which courses teach which competencies and subse-
quently identify program strengths, redundancies, and gaps.
These data can then inform a variety of departmental tasks,
including allocating funds for development of new courses,
re-evaluating degree requirements, assembling evidence for
accreditation, and selecting and implementing programmatic
assessments. Course-level learning outcomes can spark more
informed discussions about particular program-level outcomes
and will likely be valuable in discussions of articulation and
transfer across course levels.

Course-level learning outcomes can additionally be used for
backward design of individual courses. It can be immensely
clarifying to move from broader learning goals such as “Stu-
dents will be able to communicate science effectively” to con-
crete learning outcomes such as “Students will be able to use a
variety of modes to communicate science (e.g., oral, written,
visual).” Furthermore, the outcomes and their aligned example
activities included in the expanded BioSkills Guide (Supple-
mental Material) can be used for planning new lessons and for
recognizing competencies that are already included in a partic-
ular class. Examples such as “write blogs, essays, papers, or
pamphlets to communicate findings,” “present data as info-
graphics,” and “give mini-lectures in the classroom” help
emphasize the range of ways communication may occur in the
classroom. Once clear learning outcomes have been defined,
they can be shared with students to explain the purpose of var-
ious activities and assignments and increase transparency in
instructor expectations. This may help students develop expert-
like values for competency development (Marbach-Ad et al.,
2019) and encourage them to align their time and effort with
faculty’s intended curricular goals.

The BioSkills learning outcomes may be especially relevant
for the design of high-impact practices, such as course-based
undergraduate research experiences (CURESs), service learn-
ing, and internships (Kuh, 2008; Auchincloss et al., 2014;
Brownell and Kloser, 2015), which already emphasize compe-
tencies, but often are not developed using backward design
(Cooper et al., 2017). In these cases, there is a risk of misalign-
ment between instructor intentions, in-class activities, and
assessments (Wiggins and McTighe, 1998). One possible rea-
son for the lack of backward design in these cases is that writ-
ing clear, measurable learning outcomes can be challenging
and time-consuming. We hope the BioSkills Guide will allow
instructors to more quickly formulate learning outcomes,
freeing up time for the subsequent steps of backward design
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(i.e., designing summative and formative assessments and
planning instruction).

Assessment is an essential part of evidence-based curricular
review. For some competencies, such as process of science, a
number of high-quality assessments have been developed (e.g.,
Sirum and Humburg, 2011; Timmerman et al., 2011; Gormally
et al., 2012; Brownell et al., 2014b; Dasgupta et al., 2014;
Deane et al., 2016; for a general discussion of CURE assess-
ment, see Shortlidge and Brownell, 2016). However, substan-
tial gaps remain in the availability of assessments for most other
competencies. The BioSkills Guide could be used as a frame-
work for assessment development, similar to how the BioCore
Guide was used to develop a suite of programmatic conceptual
assessments intentionally aligned with Vision and Change core
concepts (Smith et al., 2019). Given the difficulty of assessing
particular competencies (e.g., collaboration) with fixed-choice
or even written-response questions, it is unlikely that a single
assessment could be designed to cover all six competencies.
However, by aligning currently available competency assess-
ments with the BioSkills Guide, outcomes lacking aligned
assessments will become apparent and point to areas in need of
future work.

While motivations and paths for implementing the BioSkills
Guide will vary by department and instructor, the end goal
remains the same: better integration of competency teaching in
undergraduate biology education. With more intentional and
effective competency teaching, biology graduates will be more
fully prepared for their next steps, whether those steps are in
biology, STEM more generally, or outside STEM completely. The
six core competencies encompass essential skills, embedded in
scientific knowledge, needed in competitive careers and also in
the daily life of a scientifically literate citizen. We have devel-
oped and gathered content validity evidence for the BioSkills
Guide with input from a diverse group of biology educators to
ensure value for courses in a variety of subdisciplines and levels
and biology departments at a variety of institution types. Thus,
we hope the BioSkills Guide will help facilitate progress in
meeting the recommendations of Vision and Change with the
long-term goal of preparing students for modern careers.
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