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ABSTRACT Nearly two decades ago, over 500 biology educators from across North
America contributed to the creation of the Vision and Change for Undergraduate Biology
Education: A Call to Action report, with recommendations for the development of a
deep understanding of core biological ideas and practices in undergraduate students
and the integration of evidence-based practices into biology classrooms. Introductory
biology courses provide a conceptual foundation in biology while also developing skills
essential to both the transition from high school to university and general scientific
literacy. Thus, alignment of introductory biology classrooms to Vision and Change is
important for fostering biological and scientific literacy in all students, even those whose
only exposure to biology is introductory courses. Following the dissemination of Vision
and Change were numerous frameworks, resources, and instruments that support the
implementation of these recommendations in undergraduate biology programs. Here,
we synthesize the tools, evidence-based practices, and structural transformations that
have been used to align introductory biology courses to Vision and Change with the
aim of providing both an overview of the current landscape of introductory biology
education and a starting point for institutions, who, like us, are evaluating their progress
toward alignment with Vision and Change.

KEYWORDS introductory biology, Vision and Change, curricular reform, evidence-
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n response to a desire to promote biological literacy and support the diversity of

learners in biology, over 500 biology educators from across North America collabora-
tively identified essential core concepts, competencies, and student-centered pedagog-
ical practices nearly two decades ago, aimed at supporting a broader and more
diverse population of learners (1-3). This effort culminated in the Vision and Change
for Undergraduate Biology Education: A Call to Action report, which has motivated the
development of numerous frameworks and resources that continue to guide transforma-
tive change in biology education (4-6). Coinciding with the dissemination of Vision and
Change were other influential frameworks that followed similar guiding principles and
paralleled one another in the fundamental skills and concepts that students should
master by graduation. For example, “The Framework for K-12 Science Education” was
developed to guide science instruction at the K-12 level and aligns closely with the
principles outlined in Vision and Change, reflecting agreement across different levels of
science education and consensus among science educators regarding effective teaching
and learning practices (7). Both Vision and Change and the Framework emphasize the
importance of developing scientific practices (i.e.,, competencies) in students to facilitate
inquiry, create connections across disciplines and core concepts, and develop a strong
understanding of core ideas fundamental to a particular discipline (1). Since 2010, several
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institutions across North America have implemented course-level or programmatic
changes to their biology programs in response to the call to transform biology under-
graduate education (8). These range from small-scale initiatives that promote active
learning in the classroom to programmatic transformations aligned with the recommen-
dations outlined in Vision and Change. Large-scale transformations to programs and
curriculum require both time and ideological change (9). As a result, many institutions
have yet to fully align their biology curricula with Vision and Change and implement
at scale the evidence-based instructional practices that support higher-level biological
literacy for a greater number and diversity of undergraduate students (8, 10, 11).

Introductory biology courses serve a broad and interdisciplinary audience, including
biology majors, non-biology STEM majors, and students outside of science altogether
(1). Alignment with Vision and Change in introductory biology curricula is particularly
important since, for many non-biology students, these courses may be their only
formal exposure to biological literacy, scientific inquiry, and core concepts fundamental
to understanding the natural world. This perspective synthesizes the peer-reviewed
literature on introductory biology reforms that have arisen in response to Vision and
Change, with the aim of providing both a brief overview of the current state of introduc-
tory biology education and a resource for other institutions who, like us, are still working
to align their introductory biology programs with Vision and Change.

CONSENSUS-BASED FRAMEWORK FOR INCREASED STRUCTURE IN INTRO-
DUCTORY BIOLOGY CURRICULA

One of the most critical ideas presented by Vision and Change was identifying five core
concepts and six core competencies that are fundamental for students to develop a
comprehensive understanding of biology within the context of a degree program (1, 2, 4,
5). These fundamental guiding principles were broad, overarching goals meant to serve
as a resource for faculty, but their utility required further delineation and articulation to
effectively guide instruction. This inspired the development of detailed frameworks to
support the implementation and integration of core concepts and competencies into
biology curricula, thus increasing consistency and structure across biology programs
(4-6). These resources are arguably the most powerful tools for guiding alignment in
biology education and are currently guiding a biology program review underway at our
institution.

Core principles, outcomes, and learning objectives to guide alignment

The BioCore Guide (4) is a nationally validated framework that supports the interpre-
tation of the core concepts outlined by Vision and Change to ensure they are integra-
ted into learning goals and course outcomes. By outlining the overarching principles
that define individual core concepts, the BioCore guide connects biological principles
to different sub-disciplines at different biological scales, illuminating how they can
be taught across the curriculum. The BioCore Guide is a useful resource for trans-
forming biology curricula using backward design or for mapping existing programs
to Vision and Change to identify misalignments within a curriculum. Following the
BioCore Guide, a set of 163 lesson-level learning objectives for introductory biology
was developed to support the integration of the core concepts into day-to-day lesson
planning (6). Although there is no functionally equivalent framework to the BioCore
Guide for interpreting the Vision and Change core competencies (i.e., a set of overarch-
ing principles and statements that broadly connect core competencies to biological
disciplines), the BioSkills Guide (5) provides a comprehensive set of 77 learning outcomes
aimed at incorporating core competencies into lesson plans, assessments, and classroom
activities.
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Validated instruments for the evaluation and assessment of introductory
biology programs

The development of a suite of validated instruments for curricular and programmatic
assessment is driving transformation and measuring progress toward pedagogical
change in introductory biology. Instruments such as the BioMAPS (i.e.,, GenBio-MAPS
and EcoEvo-MAPS), Biology Core Concept Inventory (BCCI), BioSkills Curriculum Survey
and Test of Scientific Literacy Skills (TOSLS), and the Partnership for Undergraduate
Life Sciences Education (PULSE) Vision & Change Rubrics, among others, can be used
to elucidate how well introductory biology curricula at the course or program level
align with Vision and Change (12-17). Each tool can be used to assess a different
aspect of coherence with Vision and Change, and thus, each can play a fundamental
role in identifying gaps in introductory biology programs that need to be addressed.
For instance, the BioSkills Curriculum Survey, which evaluates how BioSkills learning
outcomes are taught and assessed, can be used by instructors to shed light on which
core competencies may get left out of the classroom at the level of lesson plans and
assessments and thus need to be better integrated during course planning (12). On
the other hand, GenBio-MAPS is a nationally validated instrument that directly evalu-
ates student understanding of the Vision and Change core concepts at multiple points
throughout an undergraduate degree, including after the completion of introductory
coursework (14). Assessing students multiple times throughout their undergraduate
degree allows institutions to evaluate what knowledge students have prior to university
coursework and how they are progressing through a degree program. While these
tools evaluate students’ understanding of core concepts and competencies, additional
instruments have been developed to address other Vision and Change outcomes. For
example, TOSLS evaluates students’ ability to apply scientific literacy skills (18-20), while
BCCl assesses how students make interdisciplinary connections across the Vision and
Change core concepts (15).

Finally, the PULSE is a collaborative community of life science educators developed to
support institutions working to align with national initiatives that aim to improve STEM
education (like Vision and Change) (13, 21). Among the many resources that PULSE offers
to support curricular or programmatic change in undergraduate biology education, the
PULSE Vision & Change Rubric is a self-assessment tool that includes five rubrics that
directly assess programmatic alignment with different aspects of Vision and Change, from
curriculum alignment to an institution’s receptivity to change (13, 17, 22). These rubrics
can be used in tandem with other instruments to identify gaps and lend evidence to
support curricular reform.

Together, these instruments have facilitated the identification of gaps in biology
curricula, in students’ understanding of core concepts and competencies within
individual programs, and act as valuable tools for examining the efficacy of various
interventions and pedagogical innovations on student learning. For example, they
have been used to explore how student understanding of specific Vision and Change
outcomes differs across institution types (i.e, community colleges) (23) and to test
hypotheses about the effects of evidence-based practices on student learning (for
instance, how the length of time allocated for individual active learning exercises
within a classroom influences student performance) (24). Branchaw et al. (13) provide
a comprehensive summary of these resources allowing educators and institutions to
identify which tools are most appropriate for their specific goals (13).

EVIDENCE-BASED PRACTICE AND PEDAGOGY

Beyond promoting biological literacy using core concepts and competencies, Vision
and Change recommended that undergraduate biology classrooms adopt student-cen-
tered pedagogical practices for the benefit of all students and to overcome inequitable
outcomes experienced by equity-deserving groups (i.e, women and gender-diverse
students, first-generation students, and persons excluded because of their ethnicity or
race [PEERs]) (1, 5). These practices include (i) active learning in the classroom, (ii) using
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diverse assessments that not only evaluate student understanding but also facilitate
learning, provide frequent feedback, and can be used by instructors to guide and inform
teaching practices, (iii) providing students with greater opportunities to participate
in authentic research experiences, and (iv) engaging students in real-world biological
challenges and problems that teach core ideas through a contextual lens (1).

The positive outcomes of incorporating student-centered pedagogical practices into
introductory biology programs extend across the cognitive and affective domains
of learning and support the development of metacognitive skills (25). In the cogni-
tive domain, certain student-centered practices (i.e, high-structured classrooms and
teaching concepts within relative contexts) can cultivate higher-order thinking—such
as applying conceptual knowledge to novel problems, rather than relying on lower-
order tasks like factual recall, thereby promoting deeper learning and even longitudi-
nal transfer of knowledge (26-29). In fact, students entering undergraduate biology
programs retain very little content from their high school or pre-university coursework,
particularly because pre-university coursework often emphasizes memorization and
lower-order thinking (30). While no study has directly attempted to quantify how
students retain content knowledge from introductory biology courses, multiple studies
across different levels of education consistently demonstrate that knowledge is not
consistently retained from one course to the next (30, 31) but increased opportunities
for students to engage in higher-order thinking, inquiry, and problem-based learning in
introductory biology courses and promote content retention (26, 28, 32).

The affective domain of learning, which refers to the attitudes, motivation, and
emotions that influence how students learn, underpins the cognitive outcomes that
define success in most introductory biology courses. The same practices that support the
cognitive domain of learning have a positive impact on students’ attitudes, confidence,
and motivation to learn (25, 33, 34). At the same time, some student-centered peda-
gogical practices (i.e, formative assessments and reflections) emphasized in biology
classrooms foster the metacognitive skills that students need to monitor and evaluate
their own understanding, recognize gaps in their understanding, and modify their study
habits to support their own learning (35, 36). Combining pedagogical practices that
consider both affective and cognitive domains of learning is particularly powerful for
reducing or eliminating achievement gaps among diverse groups of students (37).

Active learning

Classrooms that promote learning by actively engaging students in the learning process
support higher-order thinking, facilitate the development of scientific literacy skills, and
improve student performance, retention, and self-efficacy while reducing inequitable
outcomes (20, 25, 27, 34, 37-41). By engaging students in dialogic and/or interactive
classroom discourse using polling systems, “think-pair-share,” and collaborative group
work, instructors invite their students to actively participate in the learning process (20,
39, 42-44). The development of various instruments has facilitated the assessment of
instructors’ use of active learning practices such as Classroom Observation Protocol for
Undergraduate STEM (COPUS), Classroom Discourse Observation Protocol, Follow-Up
Discourse Observation Protocol, Practical Observation Rubric to Assess Active Learn-
ing (PORTAAL), and Decibel Analysis for Research in Teaching (DART) (45-48). These
instruments can be used to characterize active learning behaviors and evaluate and
quantify the patterns and frequency of discourse moves in the classroom or, in the case
of DART, the level of student engagement as measured by noise in the classroom. A
detailed comparison of COPUS, PORTAAL, and DART was provided by Asgari et al. (48)
that educators can use to identify which tool is best suited for a particular use (48).

Structural redesign of introductory biology programs to facilitate student
engagement and deeper learning

High-structure biology courses go beyond just interweaving active learning exercises
throughout lectures: they invert traditional, often high-enrollment classrooms by having
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students learn content before class and, instead, use class time for collaborative
problem-solving, discussions, and applied practice (39, 49, 50). These environments,
when applied in introductory biology settings, have numerous positive benefits for
student learning including increased learning gains, reduced failure rates, and even
positive outcomes in the affective domain of learning (e.g., self-efficacy) while dispro-
portionally benefiting students identifying from groups historically disadvantaged in
traditional classrooms (i.e., PEERs and first-generation university students) by reducing
achievement gaps (40, 51, 52). They improve student preparedness for upper-year
courses and boost 3-year graduation rates (49). Platforms like “Codon Learning,” which
was developed and is directly supported by the authors of the BioCore and BioSkills
Guide, are making adoption of high structure and alignment with consensus-based
framework seamless for instructors.

Structural redesign of introductory biology “lectures” to support scientific
literacy

Introductory biology programs have also undergone structural transformations aimed
at supporting the early development of scientific literacy skills that align with the
Vision and Change core competencies (e.g., 19, 20, 53-56). These often take the form
of tutorials or discussions and often focus on interpreting primary literature or practicing
quantitative thinking skills. Disciplinary first-year seminars—high-structure, low-enroll-
ment introductory courses that teach fundamental biology concepts through inquiry-
based activities and interdisciplinary topics—are becoming increasingly common in
introductory STEM programs (e.g., Exploring Biology, University of Wisconsin-Madison)
(57, 58). These seminars increase the likelihood that students will continue in higher-
level biology coursework, support scientific literacy skills, promote student engagement
through discussions and group work, and foster strong student-instructor relationships
that support the transition from pre-university to higher education (57, 58). Another
innovative practice designed to promote scientific literacy skills in introductory biology
curriculum is Consider, Read, Elucidate hypotheses, Analyze and interpret data, Think
of the next Experiment (CREATE) (59). From interpreting background information to
proposing future experiments, CREATE courses guide students through the process
of science with a highly scaffolded approach to interpreting primary literature, thus
providing practice in scientific literacy skills while also supporting the affective domain
of learning (59-62). The CREATE approach has been shown to have positive outcomes
in promoting inquiry skills and student self-efficacy, in some cases even when delivered
in an online format (59, 61), and has been adopted at a number of institutions (e.g.,.
Introduction to Scientific Thinking at City College of New York; Thinking Like a Life Scientist
at the University of British Columbia)

A shift toward the use of formative assessments

Despite these Vision and Change recommendations, many lower-level undergraduate
biology courses continue to use summative assessments that evaluate lower-order
thinking, often failing to evaluate students’ understanding of scientific practices as
they assess students’ factual content knowledge instead of their conceptual under-
standing of biology (63). The shift toward more student-centered pedagogical practi-
ces has prompted a reevaluation of how student learning should be assessed (1).
Although summative assessments such as midterms and final exams still dominate the
approach to evaluation in introductory biology, an increasing number of instructors
are adopting formative and alternative assessment to improve student learning (53,
64, 65). Unlike traditional high-stakes, summative assessments, low-stakes formative
assessments, quizzing, and project-based assessments facilitate learning. Implementing
multiple low-stakes formative assessments within an introductory biology classroom in
the form of tests/quizzes that provide immediate feedback to students increases student
learning gains and longitudinal knowledge transfer (65, 66). Alternative assessment
strategies that incorporate student reflections are gaining popularity, as they not only
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support improvements in student performance and learning outcomes but also promote
the development of metacognitive awareness (67).

Course-based undergraduate research experiences

Vision and Change strongly emphasized the importance of providing biology students
with authentic research experiences throughout an undergraduate degree (1, 2).
Unfortunately, engaging students in research can be challenging, especially in high-
enrollment settings. Research experiences have historically been largely inaccessible to
students early in their undergraduate career and particularly difficult for PEERs and those
with less social capital such as first-generation students to acquire (68-71). Course-based
undergraduate research experiences (CUREs) provide a solution to this problem (68,
70, 72-74). CUREs engage students in genuine, open-ended scientific inquiry as part
of a regular course by immersing students in iteration, collaboration, and relevance of
scientific discovery (70, 71, 75), promoting self-efficacy, critical thinking skills, and the use
of higher-order cognitive skills (69, 76-79).

Students who participate in CUREs early in their undergraduate STEM programs are
significantly more likely to persist and graduate with degrees among numerous other
positive outcomes, highlighting the importance of offering CUREs at the introductory
level within biology (69, 70, 80). This is reflected in the growing emphasis on CUREs
in introductory biology programs at institutions across North America. These range
from CURES that utilize place-based learning by asking ecologically relevant questions
about organisms on campus (i.e, quantifying invertebrate biodiversity) to those that
use model systems to investigate questions in cell biology (i.e., using yeasts to explore
chemotherapy resistance) and even CUREs that support the development of bioinfor-
matics skills (i.e., Genomics Education Partnership), among many others (73, 81-83).
While the unpredictable nature of answering novel research questions can make CUREs
challenging for students, these difficulties can be constructive because students learn
to become proficient at problem solving and develop better strategies for coping with
failure in academic contexts (84, 85). In fact, students who engage in CUREs often find
future research opportunities more accessible, and CUREs that promote place-based
learning or community integration also foster civic engagement (68, 69, 79, 86).

Learning in context

Learning environments that situate fundamental concepts in the context of real-life
problems, topics, and case studies promote the use of higher-order cognitive skills
by helping students make connections across concepts, increase student civic engage-
ment, and support the longitudinal retention of content (1, 29-31, 87-91). Introductory
biology courses are a particularly excellent setting for teaching biological concepts
within the context of different relevant scenarios to promote a deeper understand-
ing of core disciplinary ideas. The positive outcomes of contextual learning across
all levels of education led to the development of Science Education for New Civic
Engagements and Responsibilities (SENCER), a widespread initiative launched by the
National Center for Science and Civic Engagement in 2001 that advocates for the
instruction of scientific concepts through the lens of relevant societal problems (i.e.,
climate change and public health concerns) to provide students with a meaningful
understanding of scientific core concepts while engaging them in real-life challenges
(1, 87, 88). Since its deployment, over 500 different institutions have participated in
SENCER programming either at the scale of entire courses or as learning activities within
a course. Introductory biology programs at several institutions have been transformed
according to SENCER ideals through the development of entire courses (i.e., Biologi-
cal Inquiry at Wofford College; Environmental Biology: Ecosystems of Southwest Florida
at Florida Gulf Coast University; Living Systems: Global Concepts, Local Connections at
Calvin College) or through the development of specific learning activities (i.e., Cells
as City from Northern Virginia Community College; Painting and Printing with Bacterial
Pigments at Eugene Lang College for Liberal Arts) (53, 88). Leight et al. (92) suggest that
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introductory biology students may struggle more with retaining content compared to
more advanced undergraduate students because more experienced students are better
equipped to apply new knowledge to concepts they have previously learned. Since
contextual learning promotes the development of higher-order thinking, which in turn
supports students’ ability to apply knowledge to new contexts (93), perhaps providing
introductory biology students with a more cohesive learning experience, where they can
learn fundamental biological concepts through real and relevant examples, may improve
content retention into second year by enabling them to more meaningfully apply and
connect new knowledge to what they have previously learned.

BARRIERS TO CHANGE

Despite numerous resources, tools, and communities available to support curricular or
programmatic alignment with Vision and Change, barriers at various levels continue to
impede programmatic transformation. For many faculty, pedagogical change conflicts
with their professional identity as scientists (94). The professional identity of many
faculty is often research-oriented: graduate programs often emphasize research skills
over pedagogical practices, and teaching-focused positions are frequently considered
less desirable than those that predominantly focus on research, which can discourage
early-career scientists from investing time in developing pedagogical expertise (94-
96). In fact, faculty who are highly productive in their research field reportedly use
fewer active learning strategies in their classrooms, likely because these faculty have
limited time to invest in developing new lesson plans that incorporate student-centered
pedagogy into their classrooms (95). Lesson planning for active learning can require
more preparation time than traditional lecturing; thus, highly research-active faculty
would benefit from additional support to help them balance lesson development with
their research responsibilities (94, 95). Furthermore, because graduate students are not
often exposed to formal training in teaching, lesson planning, and curriculum devel-
opment, those who become faculty tend to teach the way they were taught, which,
even when interactive, is often authoritative in nature (46, 47, 94, 95). Lastly, more
experienced teaching faculty may be resistant to changing teaching strategies they have
used for many years, thus limiting the successful adoption of student-centered teaching
practices within a classroom (94, 97). This resistance may stem from skepticism about the
evidence supporting these approaches or from concerns that students are not always
receptive to change, leading to worse evaluations of teaching (94, 95). These barriers
are further compounded by the lack of incentives for faculty to develop their teaching
skills and invest in curriculum change. Unlike publications, teaching awards, or evalua-
tions, pedagogical innovation is rarely recognized or rewarded by institutions (94-96).
Consequently, transformation often comes at a high cost to faculty, with little institu-
tional reward and the perceived risk of poorer student evaluations due to resistance
to change. Pedagogical ideology, lack of time and resources and incentives, and large
class sizes are perceived by instructors as significant barriers to creating more active,
student-centered classrooms and providing students with authentic research experien-
ces in introductory biology programs (9, 97, 98).

While some initiatives, like PULSE and SENCER, explicitly promote Vision and Change
(13, 17, 22, 87, 99), many professional development programs within institutions are
broader in scope, focusing on general pedagogy and curriculum design rather than
discipline-specific reform (94). For example, at our institution, the Center for Teach-
ing and Learning offers professional development on student-centered pedagogical
practices, like active learning, but these opportunities are often offered outside of a
disciplinary context. Tools like the BioCore Guide and BioSkills Guides, for instance, are
not part of development programs. When instructors are introduced to these tools, it
is often out of the context of their own classrooms, leaving them with little support
throughout their implementation. Thus, a significant barrier toward curricular alignment
with Vision and Change at a departmental and instructor level may be a lack of exposure
and familiarity with the Vision and Change principles as well as the numerous resources
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and tools available (97, 100). In other words, instructors at many institutions may simply
be unaware of the resources and evidence-based pedagogical practices available, and
even those who are aware often lack the institutional support needed to implement
them effectively. At the departmental level, effective programmatic curricular alignment
is large-scale and longitudinal. This type of transformation requires a significant amount
of buy-in from many faculty members. Building communities and fostering collaboration
among faculty teams are critical for increasing exposure to resources, supporting a sense
of ownership, and ultimately strengthening faculty commitment to change (96, 98, 99,
101, 102).

CONCLUSION

Transforming undergraduate biology education to align with Vision and Change requires
a shift in teaching practices toward student-centered lesson plans, assessments, and
providing students with authentic research experiences (1). Thus far, these transforma-
tions have required a slow and incremental process with significant faculty involvement
and buy-in, both at the departmental and instructor levels, to help provide instructors
with support to overcome perceived barriers (i.e., large class sizes and lack of time
to develop new course materials) (6), and opportunities to develop a sense of own-
ership through a shared vision among faculty (98, 103, 104). This shared vision can
be supported through the development of faculty learning communities and professio-
nal development opportunities, where instructors meet regularly to discuss teaching
strategies, course design, and participate in workshops to enhance their skills in creating
active learning environments (95, 98, 99, 101-104). Faculty and departments can take
advantage of the suite of resources, frameworks, and instruments discussed here to
facilitate the alignment of programs with the goals of Vision and Change by identifying
gaps in existing programs and providing tools for backward curricular design. Ultimately,
biology programs aligned with Vision and Change will support the development of a
deep understanding of core biological ideas and practices in all undergraduate students
while reducing inequitable outcomes and enhancing student self-efficacy through the
adoption of evidence-based, student-centered teaching practices.
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