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Please sit with a 
person you don’t 

know! Make a 
new colleague!



Time to Think!

1.  Your name 
Write on an index card…

2. Department/Discipline/Campus

3. Two important things for 
others to know about who 
you are and what you value
(culture, ethnicity, personal pronouns, 
family, hobbies, etc.)

4. Where would you start if 
someone asked you to plan 
a lesson on how to teach 
someone to make a peanut 
butter and jelly sandwich?



Meet a New Colleague!
Share with a person near you 
that you do NOT already know…

1.  Your name 
2. Department/Discipline/Campus

3. Two important things for 
others to know about who 
you are and what you value
(culture, ethnicity, personal pronouns, 
family, hobbies, etc.)

4. Where would you start if 
someone asked you to plan 
a lesson on how to teach 
someone to make a peanut 
butter and jelly sandwich?



Becoming Metacognitive about Teaching 
“I have to teach someone to make a peanut butter and jelly 

sandwich. How am I supposed to do that? 
What should I start with? How can this be so hard?”

Have you ever thought about teaching someone else 
how to make a peanut butter and jelly sandwich? 

How would you start? What would you do first? Next? After that? 

Who was the learner anyway? And had they made a 
sandwich before? Were they allergic to peanuts? How old 
were they? Should we let them have a knife? 

Should we show them how first? Talk them through 
it? Let them have a go at it on their own? 

Should we first teach them the names of all the tools and things we were going to use? 
Should we ask them why they needed to learn how to make a peanut butter and jelly 
sandwich in the first place? 

What were the critical issues in teaching someone 
how to make a peanut butter and jelly sandwich? 



Questions to 
Promote Instructor 

Metacognition 
about TeachingPromoting Student Metacognition

Table 3. Sample self-questions to promote faculty metacognition about teaching

Activity Planning Monitoring Evaluating

Class session • What are my goals for this class session?
How did I arrive at these goals?

• What do I think students already know
about this topic? What evidence do I
have for my thinking?

• How could I make this material
personally relevant for my students?
Why do I think this?

• What mistakes did I make last time I
taught this and how can I not repeat
these?

• What do I notice about how
students are behaving during this
class session? Why do I think this is
happening?

• What language or active-learning
strategies am I using that appear to
be facilitating learning? impeding
learning?

• How is the pace of the class going?
What could I do right now to
improve the class session?

• How do I think today’s class
session went? Why do I think that?
What evidence do I have?

• How did the ideas of today’s class
session relate to previous class
sessions? To what extent do I think
students saw those connections?

• How will what I think about how
today’s class session went
influence my preparations for next
time?

Overall course • Why do I think it’s important for
students pursuing a variety of careers to
learn the ideas in my course? What are
my assumptions?

• How does success in this course relate to
my students’ career goals? How might I
reveal these connections to them?

• What do I want students to be able to do
by the end of this course? Still be able to
do 5 yr later?

• In what ways am I effectively
reaching my goals for students
through my teaching? How could I
expand on these successful
strategies?

• In what ways is my approach to
teaching in this course not helping
students learn? How could I
change my teaching strategies to
address this?

• How is my approach to teaching
this course different from last time
I taught it? Why?

• What evidence do I have that
students in my course learned
what I think they learned?

• What advice would I give to
students next year about how to
learn the most in this course?

• If I were to teach this course again,
how would I change it? Why?
What might keep me from making
these changes?

• How is my thinking about
teaching changing?

Undergraduate Biology Education report, whereas “metacogni-
tion” does not make an appearance (AAAS, 2011). One possi-
ble difference in the effectiveness of active-learning pedago-
gies in the hands of different instructors may lie in the extent
to which these instructors consider student metacognition
when they implement active-learning strategies.

During the 1980s, K–12 science education experienced a
period of intense focus on hands-on learning, which might
be considered parallel to the recent rise in emphasis on ac-
tive learning in undergraduate biology education. However,
there was a general dissatisfaction, with reports that K–12 stu-
dents were doing a lot of activities but not necessarily very
much thinking. The hands-on era in K–12 science education
was followed a shift in both the language and emphasis in
policy documents to minds-on and inquiry-based learning in
the 1990s (National Research Council, 1996). One aspect of
this shift in emphasis in K–12 science education reform was
an increased emphasis on student metacognition, students
thinking about what they were thinking while they were do-
ing, as opposed to just doing hands-on, active things without
the thinking. As such, attention to student metacognition may
be especially salient at this moment in the history of the un-
dergraduate biology education revolution. To avoid repeat-
ing the trajectory of K–12 science education reform, explicit
attention to integrating metacognition into undergraduate bi-
ology classrooms could help keep a focus on the learning part
of active learning.

Postscript 2: On Thinking about Your Thinking about
This Article. . .
Why, in the first place, did you choose to read this feature?
Was it the title? The term “metacognition”? What did you
already know or think about metacognition before reading
this feature? How, if at all, have your ideas changed? What in

this article was most intriguing to you? What are you thinking
about in terms of how you might use those ideas? What in the
article was most confusing? How do you plan to follow up
on that to clarify your ideas and learn more? Will you? Why
or why not? As you read, what, if anything, came to mind
that you already do with your students that may promote
their use of metacognitive strategies? Are you thinking about
how explicit you are with your students about the thinking
strategies and processes that you yourself use as a practicing
biologist? What is the most important thought you had in
reading this article? Did it even have anything to do with
metacognition?
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Learning how to learn cannot be left to students. It must

be taught. (Gall et al., 1990)

Imagine yourself as the instructor of an introductory un-

dergraduate biology course. Two students from your course

independently visit your office the week after the first exam.

Both students are biology majors. Both regularly attend class

and submit their assignments on time. Both appear to be

eager, dedicated, and genuine students who want to learn bi-

ology. During each of their office hours visits, you ask them to

share how they prepared for the first exam. Their stories are

strikingly different (inspired by Ertmer and Newby, 1996).

During office hours, Josephina expresses that she was happy the

exam was on a Monday, because she had a lot of time to prepare the

previous weekend. She shares that she started studying after work

on Saturday evening and did not go out with friends that night.

When queried, she also shares that she reread all of the assigned

textbook material and made flashcards of the bold words in the text.

She feels that she should have done well on the test, because she

studied all Saturday night and all day on Sunday. She feels that

she did everything she could do to prepare. That said, she is worried

about what her grade will be, and she wants you to know that she

studied really hard, so she should get a good grade on the exam.

Later in the week, Maya visits your office. When asked how she

prepared for the first exam, she explains that she has regularly

reviewed the PowerPoint slides each evening after class since the

beginning of the term 4 weeks ago. She also read the assigned

textbook pages weekly, but expresses that she spent most of her time

comparing the ideas in the PowerPoint slides with the information

in the textbook to see how they were similar and different. She found

several places in which things seemed not to agree, which confused

her. She kept a running list of these confusions each week. When

you ask what she did with these confusions, she shares that she
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brought them to her weekly study group with peers from her course

lab section. There, she says, she got most of her questions answered

and lots of her confusions cleared up. She has come to office hours

to ask you about a couple of things that she did not figure out before

the exam that she thinks she probably missed. She is not too worried

about her score on the exam, because most of the material related to

problems and concepts that she felt had been thinking about a lot.

So, what is different about Josephina and Maya? No doubt

many things, including their educational histories, their per-

sonalities, and more. However, one key difference in their

approach to their studies is evident from their stories. They

appear to be strikingly different in knowing how to learn,

being able to monitor their own understanding, being reflec-

tive about what they understand and do not understand, and

being able to strategize about how to resolve their confu-

sions. They are different in their ability to use metacognitive

approaches in their learning.

INTRODUCING METACOGNITION

The importance of metacognition in the process of learning

is an old idea that can be traced from Socrates’ questioning

methods to Dewey’s twentieth-century stance that we learn

more from reflecting on our experiences than from the actual

experiences themselves (Dewey, 1933). What is more recent is

the coining of the term “metacognition” and the emergence of

a metacognition research field in the last four decades. Cred-

ited to developmental psychologist John Flavell in a publica-

tion from the 1970s, metacognition is used in different disci-

plines in different ways, and a common, succinct definition

appears to be elusive in the literature. Below is an excerpt

from Flavell’s original writing, as well as several additional

definitions and conceptualizations from different sources:

Metacognition refers to one’s knowledge concerning

one’s own cognitive processes or anything related to

them, e.g., the learning-relevant properties of informa-

tion or data. For example, I am engaging in metacogni-

tion if I notice that I am having more trouble learning

A than B; if it strikes me that I should double check C

before accepting it as fact. (Flavell, 1976)
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Faculty Development Programs
“The largest gain in learning 

productivity in STEM will come from 
convincing the large majority of STEM 

faculty that currently teaches by 
lecturing to use any form of active or 

collaborative instruction…” 
– James Fairweather

Report: National Academies National Research Council Board 
of Science Education

Collectively Improving Our Teaching: Attempting Biology 

Department-wide Professional Development in Scientific 

Teaching, LSE: Life Sci Education, January, 2018.
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GL, Parker, VT, Pasion,  SG, Patterson, R, Pennings, PS, Ramirez, R, Ramirez, J, Riggs,  BE, Rohlfs, R, Romeo, J, 
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Collecting Classroom Evidence

Active
Learning

Assessment

Equity
and

Diversity

Scientific Teaching Framework

But, Kimberly, how 
do I know where to 
add these things to 

what I already 
do?!?!



Becoming Metacognitive about Teaching 
– A Framework for Analysis

• Think about a recent class meeting you taught 
or experienced. You could also analyze a 
meeting that was not in a classroom setting.

• Identify the distinct �pieces� of this class 
session. (eg., gave a quiz, lectured on cell 
cycle, lectured on mutations, etc.)

• Record each of these �pieces� on single 
index card. You will likely end up with 
several index cards that reflect the pieces 
of your class session…



Becoming Metacognitive about Teaching 
– A Framework for Analysis

• Share each of the pieces of your class 
session with a partner.

• Discuss which �pieces� represent some 
form of active learning.



Big Idea: Teaching and learning are fundamentally 
about changing the human brain.

(a) Synapses are strengthened or weakened in response to activity.

N2

(b) If two synapses are often active at the same time, the strength
of the postsynaptic response may increase at both synapses.

N1

N2

N1

Change in 
CELLULAR 
Structure

Change in 
MOLECULAR 

Structure

So, how do would we plan 
and structure learning 

experiences to optimally 
and literally change 
students’ minds?!?! 



If learning is about brain 
changing, then students…

1. …must be awake, attending, and interested!
2. …need to activate related 

knowledge/memories/ circuits so that they 
connect these to new understandings.

3. …are only then likely ready for constructing 
new knowledge (circuits)!

4. …need opportunities to **practice** using 
new ideas in new contexts.

5. …need opportunities to self-assess their
understanding and identify confusions.



2014 PNAS Meta-Analysis
n=225 studies

with pre- and post-
assessment measures



“If the experiments analyzed here 
had been … trials of medical 

interventions, they may have been 
stopped for benefit —meaning 

that enrolling patients in the 
control condition [lecturing] 
might be discontinued…” –
Freeman, et al, PNAS, 2014.



One Method for Reflecting 
on Teaching Choices:

The 5E Learning Cycle Model

Engage
Explore
Explain

Elaborate
Evaluate

Developed by BSCS in 1987…
http://bscs.org/bscs-5e-instructional-model



Learning, Brain Changing, 

and the 5E Model…

ENGAGE: must be awake, attending, and interested!

EXPLORE: need to activate related 

knowledge/memories/ circuits so that they 

connect these to new understandings.

EXPLAIN: are only then likely ready for constructing 

new knowledge (circuits)!

ELABORATE: need opportunities to **practice** 

using new ideas in new contexts.

EVALUATE: need opportunities to self-assess their 

understanding and identify confusions.

What might 

this look like in 

a course?



Analyzing Your Class Session and Becoming 
Metacognitive about the Order of Things:

Applying the 5E Model

With your partner, give each 
�piece� of your respective 

classroom sessions a designation 
of one of the E�s.

Remember to be a skeptical and critical friend to 
your partner in helping them assign their E’s. 



Learning, Brain Changing, 

and the 5E Model…

ENGAGE: must be awake, attending, and interested!

EXPLORE: need to activate related 

knowledge/memories/ circuits so that they 

connect these to new understandings.

EXPLAIN: are only then likely ready for constructing 

new knowledge (circuits)!

ELABORATE: need opportunities to **practice** 

using new ideas in new contexts.

EVALUATE: need opportunities to self-assess their 

understanding and identify confusions.



Tweaking Your Most Recent Class Session:
Alignment with the 5E Model

With your partner, go back to  
your class sessions and think 

about…
• Could I just switch the order of the cards?
• Could I just add a single card 

somewhere? If so, where and why?
• Could I transform an Explain card to be 

another type of E card? How?

If I were to make JUST ONE CHANGE…
WHAT WOULD IT BE?!?!?



Strategies for Using the 5E Model 
in Your Teaching

• Start your class/lesson with something 
that Engages students and Elicits their 
prior knowledge.

• Allow for Exploration before you 
Explain or give mini-lectures.

• Collect some form of 
assessment/Evaluation from your 
students every class.





Teaching and learning 
are fundamentally 
about changing the 

human brain.

Big Idea!

But what does 
classroom sound have 
to do with learning?!?



Explore these ideas further...

http://www.lifescied.org/cgi/collection/approaches_to_biology_teaching_and_learning

Approaches to 
Teaching and 
Learning 
Feature

Translations 
of Education 

Research 
Literature for 
Scientists and 

Everyone!
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Order Matters: Using the 5E Model to Align Teaching with
How People Learn
Kimberly D. Tanner

Department of Biology, SEPAL: Science Education Partnership and Assessment Laboratory, San Francisco
State University, San Francisco, CA 94132

INTRODUCTION

“I have to teach someone to make a peanut butter and
jelly sandwich. How am I supposed to do that? What
should I start with? How can this be so hard?”

I have found that teaching anything to another person is rife
with far more decisions and dilemmas than I could have
ever imagined at first. Years ago, I had a college roommate
who wanted to participate in a summer teaching program.
For her interview, she had to develop a lesson plan to teach
someone else how to make a peanut butter and jelly sand-
wich. Have you ever thought about teaching someone else
how to make a peanut butter and jelly sandwich? She had
asked for my input, and once we started to really consider
the possibilities, our minds reeled. How would you start?
What would you do first? Next? After that? Who was the
learner anyway? And had they made a sandwich before?
Were they allergic to peanuts? How old were they? Should
we let them have a knife? Should we show them how first?
Talk them through it? Let them have a go at it on their own?
Should we first teach them the names of all the tools and things
we were going to use? Should we ask them why they needed
to learn how to make a peanut butter and jelly sandwich in the
first place? What were the critical issues in teaching someone
how to make a peanut butter and jelly sandwich?

Much like in the “PBJ Dilemma” as we came to call it,
there are many decisions to be made in designing effective
learning experiences in undergraduate biology classes—and
instructors are making these decisions constantly. It can
seem overwhelming, yet the research literatures from cog-
nitive science, psychology, and science education about how
people learn suggest guidelines about constructing effective

learning experiences (National Research Council !NRC", 1999).
Much like the PBJ Dilemma, the order in which we decide to do
things with students when we teach is critical, yet the order of
things happening in a class session often goes undiscussed and
unexamined. At first glance, the most pressing teaching dilem-
mas in our biology classrooms—student motivation, student
retention of information, student understanding of difficult
concepts—may seem unrelated to the order in which things are
happening; however, what we do first, second, third, and so on
can have many ramifications. For many instructors who have
primarily learned from and used a lecture-based teaching ap-
proach, considerations of order have been primarily about the
order of ideas. With the increasing use of active-learning strate-
gies, class sessions are moving from having a single compo-
nent—a lecture—to having many components over the course of
even 50 minutes (e.g., a video clip, a pair discussion on a biology-
based problem, a clicker question, a mini-lecture, and a final index
card reflection). So, what is the optimal order for sequencing these
elements to maximize student learning of biology?

CONSIDERING THE COMPONENTS OF A
CLASS SESSION AND THEIR ORDER

Consider the last class session you taught, whether it was a
lecture class, a seminar, or a laboratory session. What were
all the components of that class session? Did you lecture?
Did the students engage in a small group discussion? Did
you introduce new terms or ideas? Did students take a quiz
or exam? Did they conduct an experiment? Did they answer
one or more questions in writing? How many different
components were there in that class session? Now, think
about the order in which these things happened. Did you
specifically choose to have things happen in this particular
order? If so, how did you decide what came first, last, and in
between?

One tool available to instructors is the 5E model, a plan-
ning tool for instructors proposed by science educator Roger
Bybee and colleagues at BSCS (formerly known as the Bio-
logical Sciences Curriculum Study). It has been used to
develop many BSCS curricular materials and textbooks for
biology teaching and learning, as well as to educate current
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Learning how to learn cannot be left to students. It must
be taught. (Gall et al., 1990)

Imagine yourself as the instructor of an introductory un-
dergraduate biology course. Two students from your course
independently visit your office the week after the first exam.
Both students are biology majors. Both regularly attend class
and submit their assignments on time. Both appear to be
eager, dedicated, and genuine students who want to learn bi-
ology. During each of their office hours visits, you ask them to
share how they prepared for the first exam. Their stories are
strikingly different (inspired by Ertmer and Newby, 1996).

During office hours, Josephina expresses that she was happy the
exam was on a Monday, because she had a lot of time to prepare the
previous weekend. She shares that she started studying after work
on Saturday evening and did not go out with friends that night.
When queried, she also shares that she reread all of the assigned
textbook material and made flashcards of the bold words in the text.
She feels that she should have done well on the test, because she
studied all Saturday night and all day on Sunday. She feels that
she did everything she could do to prepare. That said, she is worried
about what her grade will be, and she wants you to know that she
studied really hard, so she should get a good grade on the exam.

Later in the week, Maya visits your office. When asked how she
prepared for the first exam, she explains that she has regularly
reviewed the PowerPoint slides each evening after class since the
beginning of the term 4 weeks ago. She also read the assigned
textbook pages weekly, but expresses that she spent most of her time
comparing the ideas in the PowerPoint slides with the information
in the textbook to see how they were similar and different. She found
several places in which things seemed not to agree, which confused
her. She kept a running list of these confusions each week. When
you ask what she did with these confusions, she shares that she
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brought them to her weekly study group with peers from her course
lab section. There, she says, she got most of her questions answered
and lots of her confusions cleared up. She has come to office hours
to ask you about a couple of things that she did not figure out before
the exam that she thinks she probably missed. She is not too worried
about her score on the exam, because most of the material related to
problems and concepts that she felt had been thinking about a lot.

So, what is different about Josephina and Maya? No doubt
many things, including their educational histories, their per-
sonalities, and more. However, one key difference in their
approach to their studies is evident from their stories. They
appear to be strikingly different in knowing how to learn,
being able to monitor their own understanding, being reflec-
tive about what they understand and do not understand, and
being able to strategize about how to resolve their confu-
sions. They are different in their ability to use metacognitive
approaches in their learning.

INTRODUCING METACOGNITION

The importance of metacognition in the process of learning
is an old idea that can be traced from Socrates’ questioning
methods to Dewey’s twentieth-century stance that we learn
more from reflecting on our experiences than from the actual
experiences themselves (Dewey, 1933). What is more recent is
the coining of the term “metacognition” and the emergence of
a metacognition research field in the last four decades. Cred-
ited to developmental psychologist John Flavell in a publica-
tion from the 1970s, metacognition is used in different disci-
plines in different ways, and a common, succinct definition
appears to be elusive in the literature. Below is an excerpt
from Flavell’s original writing, as well as several additional
definitions and conceptualizations from different sources:

Metacognition refers to one’s knowledge concerning
one’s own cognitive processes or anything related to
them, e.g., the learning-relevant properties of informa-
tion or data. For example, I am engaging in metacogni-
tion if I notice that I am having more trouble learning
A than B; if it strikes me that I should double check C
before accepting it as fact. (Flavell, 1976)
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How do you conceptualize learning? Do you think of learning as a contractual 
agreement: the instructor performs certain actions to facilitate learning, and the 

student, in turn, explicitly or implicitly promises to behave in ways to receive that 
learning? Or do you think of learning in sociological terms: the learner, through what 
he or she learns, transforms his or her beliefs and becomes a more emancipated citizen 
of the world? Or perhaps you think of learning in psychological terms: learners are 
motivated, store facts in their minds, and create mental knowledge structures. All of 
these ways of conceptualizing learning can be beneficial in understanding how stu-
dents learn and what makes teaching effective.

However, at their most fundamental and mechanistic level, teaching and learning 
are neurological phenomena arising from physical changes in brain cells. The notion 
that learning and memory are neurobiological processes is relatively young, dating back 
only to the 18th century (Hartley, 1749). Even today, only about half of teachers and 
the general public, depending on the country, agree that “learning occurs through the 
modification of the brain’s nervous connections” (Herculano-Houzel, 2002, p. 102; 
Howard-Jones et al., 2009; Deligiannidi and Howard-Jones, 2015; Hermida et al., 
2016). Nevertheless, recent advances in brain science have given us an in-depth picture 
of the molecular and cellular changes that occur during learning, and the consensus of 
neurobiologists is that these alterations are both necessary and sufficient for the forma-
tion of memories (Takeuchi et al., 2014).

If anyone should appreciate that teaching and learning are biological phenomena, 
one would predict it would be biologists, and scientists more generally. However, few 
of us were likely taught about the neurobiology of learning in our pedagogical train-
ing. In this paper, we will first explore how one might conceptualize learning as a 
biological process in the context of a common teaching technique called the think–
pair–share. Then, we will give an overview of what is known from biological research 
about the neurobiological basis of learning and explore how various teaching tech-
niques might harness known neurological mechanisms to promote the creation and 
retrieval of long-term memories. This Feature does not aspire to give instructions for 
how one should teach. Certainly, there have been many attempts to use the findings of 
neuroscience to create guidelines for instruction, particularly in K–12 education, and 
even to sell “brain-based curricula,” but given the complexity of human learning, many 
neuroscientists believe these attempts have been at best premature and, at worst, “dis-
tortions” of the science (Bruer, 2006; Goswami, 2006; James S. McDonnell Founda-
tion, 2007; Howard-Jones, 2014). Instead, we aspire to connect what is known in 
neurobiology to what is known from science education research about how innovative 
teaching is effective at promoting learning (Freeman et al., 2014).

A NEUROBIOLOGICAL CONCEPTUALIZATION OF THE THINK–PAIR–SHARE
Each of our students arrives in class with a human brain, which on average has 
86 billion neurons arranged in hundreds of brain regions, each with different 
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On one side of  your 
index card…
–One thing that you learned 

in this session that will 
influence your teaching…

On one side of  your 
index card…
–One thing that surprised 

you during this session…

Reflection…



Thank you for choosing to spend 
your time with me today…

Kimberly D. Tanner, Ph.D.
Professor, Department of Biology
San Francisco State University

Director, SEPAL


