hapter 5 .'

he Role of Metacognition in Students’
nderstanding and Transfer of Explanatory
tructures in Science

na Grotzer and Sarah Mittlefehldt

he ability to mentally “step back™ and manage how one thinks about and interacts
th the world opens up new possibilities for learning and behavior. Reflective
pacity moves us beyond merely acting, and reflection at different levels enables
new insights, learning, and ability to act in more effective ways in the future. This
apter examines how students’ melacognition relates to the likelihood that they will
sider their assumptions abeut the causal structures embedded in scientific expla-
ons and how this correlates with understanding and transfer of the concepts.
“Research shows that students tend to use reductive default patterns (Feltovich
et al. 1993) in reasoning about science {e.g., Chi 2005; Driver et al. 1985; Grotzer
'993; Grotzer and Basca 2003; Hmelo-Silver et al. 2007; Perkins and Grotzer 2005
esnick 1994). For instance, they often use a different ontological category—using
stance or matter-oriented explanations when process-oriented explanations
e warranted (Chi 1992). Or they expect obvious causes and obvious effects, miss
ffects that involve systems in equilibrium, or those that involve “passive” agents
Grotzer 2004). They assume simple linear, sequential causal patterns with temporal
riority between causes and effects (Bullock et al. 1982; Grotzer 1993).

" Many science concepts, symbiosis, pressure or density differentials. and electrical
circuits, are nonlinear in form involving mutual, relational, or cyclic patterns. They
1ay entail other forms of causal complexity—non-obvious causes; time delays
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and spatial gaps hetween causes and effects; distributed, unintentional agency; and
probabilistic causation where the level

of correspondence between causes and effects
varies. These forms of complexity are pervasive—part of ecosystem dynamics,
global warming, interdependent economies and so forth. Preparing learners to Ijve
in a complex world requires

helping them learn to be metacognitive about and o
reason about such explanatory structures.

Students are typically unaware of their reductive assumptions, and these struc-

tural patterns are not addressed by most science curriculum, When extraneous tagk
demands are controlled, even young children can handle some causal
(e.g., Kushnir and Gopnik 2007; Sobel 2004).
implicit, efficient, and subject to the limits of our attention at the moment. In order to
maove beyond these default assumptiond, higher order reflection on the explanatory
structure may be needed. Engaging students in activities and discussion designed to
reveal the nature of the underlying structure has met with Some success in helping

students develop deeper understandings of fundamental concepts (e.g., Grotzer and
Basca 2003; Perkins and Grotzer 2005).

complexity
However, causal learning is often

The Role of Metacognition in Addressing Reductive
Assumptions and Encouraging Transfer

A substantial body of research underscores the power of metacognition for enhancing
student learning in science. Students who are more metacognitive in their behaviors
tend to perform better (e.g.. Anderson and Nashon 2006}, and when students become
more metacognitive, their learning improves (e.g.. Baird 1986). Engaging students
in metacognitive reflection improves learning in science (e.g., White and Frederiksen
1998, 2000} and beyond (e.g., King 1994: Mevarech 1999; Paris and Jacobs 1984) and
results in more permanent restructuring of science ideas (Blank 2000) so that students
are less likely to lapse back.to earlier, less scientifically accepted ideas. Further,
engaging students in metacégnition improves the performance of the lowest level
achievers the most by helping them manage their thinking (White and Frederiksen
1998, 2000), offering a window into the thinking of peers, by unpacking the structure
of the concepts being learned (Perkins and Grotzer 2005), and helping them to lcarn
netastrategic knowledge (Zohar and David 2008; Zohar and Peled 2008). In the
study below, we examined whether metacognition might help students to recognize

heir reductive biases, learn the science more deeply, and transfer it more readily.
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~Zohar-andPeled 2008) include
he ability o analyze causal relationships as a form of metastrategic knowledge,
Aetastrategic knowledge refers to “general knowledge about cognitive procedures
hat constitute higher order thinking skills” (Zohar and Peled 2008, p. 338).
norder to effectively deploy particular strategies in particular instances of causation.
ne first needs an awareness of types of causal patterns and causal features,
Vhat is called for is a meta-structural knowledge—the ability to reflect upon and
scognize particular forms of causal patterns. It involves detecting the features that
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road transfer—where the learner actively evaluates the fit of the explanatory mode]
and whether it provides a powerful explanation in the given instance.

In earlier work, we engaged students in reflecting upon the nature of the embedded
causality in the science that they were learning (e.g., Grotzer and Basca 2003: Perkins
and Grotzer 2005). Through activities and discussion designed to reflect upon the
embedded causality, students considered the implicit causal structure of the con-
cepts. Awareness of the causal structure was guided primarily by the teacher. The
current study attempts to shift responsibility for these reflective behaviors to the

students with the hope that it would increase the likelihood of student-initiated
transfer.

Three dimensions and related questions were used to frame the metacognitive
aspects of the study: :

I. Intelligibility: Does the explanation make sense to me?
2. Plausibility: Do I think that the explanation is a possibl
3. Wide-applicability: C

I have learned it?

e explanation?
an I apply the explanation beyond the contexts in which

These were intended to encourage a focus on one's own thinking, a shift in
ownership for learning, and to potentially increase the likelihood of transfer as
students were learning about causal patterns in density and air pressure. The first
two dimensions were adopted from the teaching of Sister Gertsude Hennessey and
written about by Beeth (1998a).

Intelligibility encompasses how students reflect on the sense t
make. as they ask. “Does this make sense to me?”
of their sense-making process and offers

vate their metacognitive processes. Intell
sense-making

hat their concepts
It invites self-initiated awareness
a conceptual foundation in which to acti-
igibility also invites monitoring of one’s
processes. Too often, students assume that the ideas must
to someone—the teacher or other students—but do not actively reflect on whether
or not the ideas make sense to them. Assessing the intelligibility of a new idea can
also include an interpersonal-dimension in addition to an intrapersonal dimension,
Students may be encouraged to reflect on other students’ ideas, their parents’ ideas.
or the teachers’ ideas. They may learn to ask themselves, “How does the way that
‘his person thinks about the idea help me make sense of it?” However, questions of
ntelligibility necessarily invite awareness of one’s own sense-making.
Plausibility enables students to test their faith in a particular ide
Uternative ideas. It is the realm in which students negotiate the status of
ind it invites evaluation of the ideas and one’s belief
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Table 5.1 Metacognitive moves: context and characteristic questions

Metacognitive dimension  Context Characteristic questions

1. Intelligibility Intrapersonal  Does this idea make sense to me?
What part of this idea makes sense to me?
What do I find difficult about this idea?
Interpersonal ~ What part of lan’s mods| makes sense to me?

What might I add to have it make sense to me?
Intrapersonal  Should 1 believe this idea?

Does this idea seem likely to be true?
Interpersonal  Should I believe lan's model?

2. Plausibility

Even if it makes sense (0 me, is there something
1 - aboutit that scems unlikely Lo be true?
What is believable about it?

3. Wide-applicability Intrapersonal  How can this idea help me in other areas of my

learning ?
-Are there pieces of this idea that relate to other ideas 1
learned about?
What are the fundamental ways in which they relate?

How does lan's model help me think about other
ideas we've talked about?-

Interpersonal

~

Infusing Metacognitive Moves in the Classroom

Design

In six eighth grade science classrooms, concepts related to the three dimensions of
intelligibility, plausibility, and wide-applicability were infused into “best practices”
in science curricula with a focus on using causal forms to decpen understanding
for density and air préssure. The best practices included a focus on modeling,
active construction of ideas, dynamic computer simulations, Socratic discussion.
and being “minds-on.” The units also included explicit instruction about the nature
of the embedded complex causal forms as described in greater detail below. Each
unit was 8 weeks long. The metacognitive support was both materials-based and

teacher-facilitated, as described below, and designed 1o encourage deep learning
and to result in greater transfer.

The existing curriculs un-already-—included-activitiesdesi gned 1o

1o increase
students’ awareness of the underlying causality inherent in the concepts that they

were learning. In each of the units, density and air pressure, students needed to grasp
an underlying relational causality where a relationship between two things, either
balance or differential, accounts for a certain oulcome beyond the two things.
The density unit incorporated relational causal ity o explain how density differentials
cause something to sink or float, dnd the air pressure unit engaged students in thinking
about pressure differentials involved in a variety of phenomena such as wh

al causes
lift, or what causes liguid to g0 into your mouth when you drink from

a Straw.

i i odels
This involves a conceptual shift for most students—away from simple lmela'ir 22) D
(“It is dense so it sinks” or “I suck on the straw and pull the liquid to my lips

relational causal model (“The object is denser than the liquid so it sinks in this

i or ¢ e r pressure in the straw creating an
liquid—but could float in another” or “I create lower p

imbalance with the higher pressure outside the straw, so the liquid gets pushed up.”).
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Instructional Materials
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Materials-Based Metacognition

The teaching i i Inf
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o e ;ee A at;neces seem ‘clspecialiy difficult to understand?”)
v g O!_.I;{cm ppendix 1). In addition, posters with questions relevant

- cognition were hung around the rooms.

Teacher-Facilitated Metacognition

The units also i i
s also included explicit o

i B G . pportunities to en in te i
cognition. For instance, while students wer MEgEe it ieacher-guided mela:
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up};{s v he}u developing understanding. They also observed and reflect :1

e class videos ‘ ‘ ; Sk
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Assessment Tasks of Learning a Metacognitive Behavior

Density and Pressure Written Assessments

2000). Some of the density questions

efined in previous work (e.g., Hou_gh‘tdn etal.
ith et al. 1994).

were adapted from Smith and colleagues (Sm

Density and Pressure Interviews

Students were individually interviewed with each interview lasting approximately
30-40 min. Each interview was comprised of open-ended questions focused on a
density or pressure-related phenomenon. It was conducted as a structured clinical
interview with a series of questions and then a standard set of follow-up probes, such
as, “Can you tell me more? 1 want to understand your whole idea” and “Can you
17" Students were invited to draw diagrams or models of their
s were scored for density and pressure understandings and for
the student’s metacognitive comments, a8 outlined below. The final section offered
1ded cueing of the causality involved where students were asked increasingly
of the causality involved. If they didn’t sponta-
asked a direct question, such as, “Does what we
you to think about any of the questions here?”

explain in more detai
ideas. These interview

scaffo
targeted questions about the nature
neously mention causality, they were
Jearned about relational causality help

“Assessments of Classrocm Interactions

e moves, we encouraged the use of white

~ As a means to reveal how students used th
oth the discussion of and reflection upon

- boards to model and serve as the basis for b
their ideas and thinking, These offered informal assessments and were videotaped

for later analysis. Students drew models of their injtial ideas, enabling us o consider
how students used metacognitive moves on an intrapersonal level. Afterwards, they
discussed their ideas with class members. The teacher prompted critical debate by
asking the class questions such as the following: “What makes sense to you about
Ian’s model 7" “What do you think is confusing about Ian’s model “Do you believe
his model?" “How would you change lan’s model to have it make sense to you?”
“How does his model help you think about other ideas we've learned about?”
Daily field notes, videotapes of class discussions, and samples of students” writing
provided additional informal assessments of how students used metacognitive strategies
on an intrapersonal level and whether they challenged themselves to think metacog-
nitively, whether their reflections on their own thinking changed, and so forth.

Students took a wri i ;
targeting Specr'ti"w rl(??; !“I’ﬂntory with ten questions. It included open-ended questions
geling specific difficulties that result in alt i i )

a . . : ernative concept e

explain ssible ) ptions (i.e., Show &

‘mf];d dthc plol.ssxbh, outcomes when an object is dropped-into-a liquid.) O[W qlnd
ed multiple-choice questions wi y g=tdias

N $ s with responses desig

heliefs tha e Rk signed to match specifi
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o Je ctwhen you cutit in half?” “Each half of the abjectis... a. ... half Zﬂwt}’

15 befor i i . S...a. ...hall'as densc

w7 t’gu cut '11:,b. JAwice as dense as before you cut it. ¢. .. the m‘me de n‘qc

‘ you cutit.”). These assessments were developed, tested, and \ﬁuhsc :nsilly

‘ piteateiy subsequently

Scoring and Analysis

Scoring and Analyzing Students’ Metacognitive Comments
Students” metacognitive comments were analyzed through a process of open coding.
Two rescarchers independently evaluated students’ comments, the inherent dimen-

sions of each, and the categories that they represented. The overarching categories



Table 5.2 Categories of cognitive and metacognitive strategies

Category Cognitive or metacognilive strategy

A Explicit knowledge claim—cognitive statement

B Explicit knowledge claim + reflective abstract reasoning (intelligibility)

C Explicit knowiedge claim +reflective abstract reasoning using *‘real world” models
(intelligibility + wide-applicability)

D

Expiicit knowledge claim +reco
of their own thinking using
applicability + plausibility)

gnition and reflective exploration of the limitations
‘real world” models (imtelligibility + wide-

were discussed and refined and used tb independently score instances of individual
and class metacognition.

Individual metacognitive comments were assessed using interview data and writin g
samples including their science Journal entries. To examine the use of metacognitive
strategies in cl

ass, we open-coded key class discussions around the causally
activities. Focused on the underlying causal structure,
key role in exhibiting the strengths and weaknesses of
and application of causal structures. To explore how metacognition potentially
helped facilitate the transfer of causal understanding, 20-min sections of discussion
surrounding the same causal activity were videotaped and coded for the number of
metacognitive strategies for each class,

Four categories of metacognitiv
comments (See Table
Students often used a co
Notice that these

focused
these activities played a
students’ understanding

e and cognitive strategies emerged in students’
5.2). Metacognitive moves were rarely used in isolation.
mbination of these moves at different levels of sophistication.
categories arc additive in the sense that category B includes
the criteria for category A, category C includes A and B, and category D includes
A, B, and C. Each student was assigned a score for each metacognitive move and a
“Total Metacognitive Score” that was the sum of their metacognitive moves across
the categories. =

Category A represents cognitive claims or knowledge st
reflective in nature. This type of thinking w
clearly stated what he or she thought, without an awareness of the status of why they
thought what they did. It did not fitour working definition of metacognition because
it did not involve students’ awareness of the content of their own thinking. Nor did
itinvolve actively monitoring the students’ own cognitive processes or help students
organize their thinking to manage future problems (Hennessey 1999). For example,

atements that were not
as explicit in the sense that a student
P

; . s sense to them by
where students considered if the idea tha.t t.hey fS:i;:Crln t;ﬁizl I;*Lz;kcisl Soiprdes
'ﬂ’_liﬂking. . thmlg ?;11 ? TQ?SS:)M; 1?;;:'};1?1 isnlsh?s study commented that by Iijzz:f
S 1 i s and ove’rt discussion on how an idea makes sense tho 9 ideas\,:

knOWledg;« . zln;leaming to think “both with their ideas and about t eu; s .if
he - c:fg lcate ory B statement was given when a stude_nt \l:/re;ls ked 1

5 exfimple (13 ,Lli inim of different volumes have same d(?n51ty. e Sb‘ b
e, (‘) ha g e both solid pieces of aluminum, but this one has ahlglg] :
é'slponde'?l’le rgthee):' ggs a smailcr volume. This one has a bigger m;\jsﬁjkllgsoli ; :crl ! i.f
G still thi both of them wou :
" Smal}ef mas‘{- Bmtlszullfg:‘lem;a[rk:jgl;?lﬁﬁ;:o\:olumc is 4 cm’ [the larger piece] andf
i ]e't Séllusn;a '1):2 cm’. The mass of this {smaller one] is 1 g. The massrc:
- Smﬂ]lel’"SIZﬁ‘ (; i’he mass of both of them is distributed evenly. Therefore ¢ 3
'his [.the Langee :Stheg.same (Stﬁdent #73).” In this example, the stu@ent reasgn; :
i THUSI bz taﬁdino that the density of the two pieces of aluminum must' .

h'lmse]f mg)es;u‘: So‘f the Cé'utcome of his calculations based on the mathematic
_ the same §

equation for density. ‘
~ Category C combines the s
connection-making aspect of wide-ap

he sense-making dimension of intelligibility \'m[hlthe
plicability. The essence of category C invo \;_es1
i idea within a meaningtu
debating whether or not an idea made sense by placing the idea i i e
. ideas familiar contexis, a
ecti ; ideas to familiar ¢ |
t. By connecting new 1 : e : as s
Col'?etfhxer 01‘)not an idea makes sense Lo him or her. Th;, tol]locv:;‘u:k?e gal];e S0t
- i i / lid piece of stee S
i ) teel wool and a so! . e
ion about a piece of s . e
queméoréd as category C. The question was posed, “Do yoxllf - Ogbuﬂdmgs
\‘WS S]ﬂ’l’iqqs,klﬂ response, the student replied, “They used ste;: VZ s s
:)amlj b(;lléré the 50s, so it would be stronger, so 1t would a1 dvliie G
: dzlc ity to hold up all the weight. But I know that steel woo One b
lani)lsty as sandpaper and so it would have to be light, beciausc Eﬁjmg N
Elze\tola.rry something that is five or ten pounds acrciss <(;i]1: exam.p Sy b
a}, that [solid] steel has a greater mass (Student #7(:). llfld[ I\Le] e
it e . i ication of solid ste S g
>t ractical application .
ade a connection lo the prac : e
: mdde" | and the use of steel wool as a scouring pad. It was sC(})l ol ;amz s
i : onsidered whether or not the two objects ha g
cons

because the student ld—using both intelligibility and

by thinking about their function in the real wor
Y ot oaies loyed the use of all three meta
al category, category D, emp oye S 0 e
L ﬁlg:ill{;;]b%htg plausibility, and wide-applicability. Accordingly.
moves: inte y,

cognitive

astudent’s response using category A when asked, “What do you think causes a hot
air balloon to rise?” was *1 think that the hot air rises, forcing the hot air balloon to
80 up. Onee it gets cold, it will start to sink (Student #153).” The student did not

reflect on the status of why he thought hol air causes the balloon to go up and why
the cold air made the balloon sink.

Stalements where students backed up their exp

licit knowledge claims by nego-
tiating the intelligibility of the idea were scored as ¢

ategory B. It included statements

- - and considering-alter-
d reflection to push their ideas by making CUnnCLt;_O?S ;}nC: ([:hat they hgld two
used r ) R . = ere aware of the fac
. 0 for an idea. Students were : wav through the
ive explanations for _ ed their way throug
lc]i?i;’crcnt [t)heories to explain onc idea. They m.ay havc’talk_n attempls to- determine
idea through abstract reasoning and Conncmon-m&klf_le Cli temporal differences in
s . dents may also have recognized temporal e
which idea to believe. Studer ized that they held different ideas @
S ; - ay have recogniz! o activit
eir thinking. That is. they muay T discussion OF class activity-
g]{{vin thlt iim?:s perhaps before and after a particular discussion .
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For example, in the pressure interview,

a student explained what pressure was and
whether it could change in the followin

g response:
In definition, pressure is just the amount of force

force put on an object. Um, the mathematical e
would mean if you had 5 Newtons

Put on an object. It’s just the amount of
quation is force divided by area, which
on say, the cassette holder. And that was say, 10 cm? or
something. Then it would be .5 as the amount of Newtons per em?, Other than the definition,

the way [ think of pressure—I think of in and out as one pressure, instead of having it as
Pressure one way or the other ... I think that it can change. It all depends on where you are.
Like, if you are on Mount Everest, the pressure is obviously going to be extremely low, ...
If you're at the bottom of the ocean ... you'd have the air pushing down on the water, and
you'd have all the water in the ocean pushing down on it, so it would be an extr
amount of pressure. And that’s why scuba divers can only goso far ..
like 15 lbs/in®.... What I would say it would roughly be, the max, even for the most
almost super-human person who could endure so much, | think the max could only be like
19.5."Cuz if it’s 15 Ibs.fin?, a square inch isn’t that much, but the extra four Ibs. multiplied
by, who knows how much, it would be at least a thousand extra pounds on your body. That

would mean that there would bhe 2 lot pushing out. which would make it really hard to
comprehend.

eme
-rightat sea level, jt's

In this example of a category D statement, the student began by providine

(=}
different ways of thinking about defining pressure. In explaining alternative ways of

explaining pressure besides the mathematical formula, the student talked about the
“in and out” of pressure. In this sense, he picked up on the idea of pressure differen-
tials as explained as a form of relational causality. By providing an additional
definition of pressure besides the mathematical equation, he tested the limits of his
understanding by expressing multiple lenses to view the problem (plausibility)
He goes on 1o explain how pressure can change by applying his ideas
in different contexts (wide-applicability). He also talked about pressure in higher
and lower situations and the dynamics of how bressure changes between these rwo
extremes. In this way, he tested the limits of his thinking

aboul pressure

by making connections.

Scoring and Analyzing Students’ Causal Understanding in Science Concepts
The written assessments of students’ underst
using rubrics developed in an ear]
at which students grasped the str

anding of science concepts were scored
ier phase of the project. These assessed the level
ucture of’ the concept on a scale from 0to 5 and
proceeding from a non-causal response Lo a relational causal response. These
scoring rubrics are further elabora_ted in Grotzer (2003).

After scoring for the number of each of the cognitive and/or metacognitive cate-
gories (described-above)-that
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(F (1, 17)=6.10, p=.03), explaining 29% of the variance. Of the 18 students in
the subset, all but two had at least one relational model on the density posttest,
Of these, only one student did not show a relational model on the pressure posttest.
Metacognitive performance on the density post-interview was a significant predictor
of whether or not students transferred the models as defined above (F(1,15)=4.73,
p=.05), explaining 27% of the variance (Transfer Score=0.23+0.06 x Total
Metacognitive Density Score).

Students employed a diverse range of metacognitive strategies. In interviews, the
most frequently used strategy was category B, explicit knowledge claim plus abstract
reasoning to think through a particular idea. Higher scores of category B correlated
to overall posttest scores (r=.25, p=.03). Yet, during classroom discussions,
category D, exploring the limits of stddents’ ideas using all three levels of meta-
cognition (intelligibility, plausibility, and wide-applicability), surfaced the most
frequently in both classrooms. Of the total metacognitive strategies used in both
classes, category D was used 42.0% of the time, while category B was used 28.4%
of the time, and category C was used 29.6% of the time.

The following category D statement shows a typical pattern in students’ thinking,
that is, the recognition of changes over time in his or her thinking. For example, when
asked, “What's going on when density changes?” a student replied, “Well, I thought
at first that it was kind of like a chemical change. It can be changed chemically,
[ think, but a physical change can also be done like compacting bread or pouring
something in [to make it a mixed density] (Subject #112).” After doing the experiment,
the student noticed how her thinking changed, and she was able to recognize the
emergence of her new understanding.

At the end of the pressure interviews, students were asked to note any metacogni-
tive strategies that were particularly useful to them. Students’ responses indicated
that comparing their ideas with other students’ ideas and making connections to
other areas of their learning were the most useful. The results of this self-assessment
were consistent with the outcome of the interviews. Students with higher scores on
these two strategies (intelligibility +wide-applicability) had higher overall gain
scores (r=.27, p=.03). This supports the notion that students learn effectively by
comparing their ideas to other students” ideas. It also supports the claim that connec-
ting new ideas to familiar contexts helps students understand learning objectives.
For example, at the end of a pressure interview, a student said:

I remember how we were doing the balloon over the flask we did it in two different ways,
getting the balloon in and getting the balloon out and that helped because you have to
reverse your thinking and think about it in different ways. The more experiments you do,

calized how the difference in pressure above
ne lift. T never really thought of it that way.
Jlane works and it makes more sense too

world. And, like, the airplanes, I never really.r
the wing and below the wing gave it like the plane
But now [ can apply it and realize that’s how the p
because it's connected to something.

i : in her own
She reveals a sophisticated understanding of what's useful to her i
i i : tion-making. _ .
arning and the importance of connec : - . -
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u i ~ . e | .
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7 : i i when thinkl
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‘about relational causality in a context that makes scti:nse io her. tionshle e
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While individual metacognitive scores . el et
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Student 1:

it'seasiertocomect things 1ike concepls. And it's easier to believe it, once you see it,
[ think I'm more of a visual learner. If 1 see it, | can believe it more and comprehend it
better. And I guess that helped a lot because a lot of times in science you can't explain a lot
of things because they’re just too hard. And you can’t, like. visually show them. [t's easier
when you have an experiment and you have to reficct on it too. Like, what you understand
about it'and what you don’t *cuz it helps you to get a better understanding and learn more.
And the practical application. like how we had 1o answer those questions about. .., like. why
are runways longer in Denver and San Francisco? It made you practically think about it.
So it’s not just like some topic you learn in school because you can like really apply it to the

. i
because [ understood what was going on and how one .coc;.m;‘ L:i;i?]%e
the other. By throwing in relational causality it would kin ohtc.[(wzq
; = . . p o q
what I was thinking about originally. L]ke,.] gucssll1 thm}l: th; e
sa' i ing.” that one thing would ma >
more or less a “Domino thing, h: ! i -
; happen in a chain, like that. But if you think abgul it f% a 1‘&:1€ g
causality, then you would have to change your idea from © g

i e next thing to
causing the next to happen. then they keep on causing the next g
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happen ... to that both go together to make one thing happen. Like, as
you lessen the air pressure in the straw, the greater air pressure outside
can force down, that makes the liquid able to rise up the straw. One
thing starts the next.

Teacher: So can you say how you're thinking about it now?

Student 1: Well, like if both affect each other, then it’s because that the air pres-
sure in the straw lessehing and the air pressure outside staying the
same, the lesser air pressure inside and the greater air pressure outside
causes the liquid to go up the straw.

Student 2: I don't think it’s really like domino causality because we saw the two

causes are high air pressure outside and no air pressure inside, but we
already saw that with Mary’s straw, there wasn’t any air pressure. And
she took out the air pressure from the inside the air pressure, but it
didn’t cause it to go up right away. It needs the other. ...

Student 3:  Originally, [ knew pressure was involved, but I never really thought
of it as a relationship between high and low pressure. And to get the
pressure itself is another relationship between force and area. And

you can break it down and see how it works.

This conversation of this class illustrates a culture of reflective thinking. In this
example, the students used all three metacognitive moves—intelligibility, wide-
applicability, and plausibility. All three students interviewed from this class,
despite different achievement levels, had two relational models on the density
posttests (out of two possible relational questions). All three interviewees also
had at least two relational models on the pressure posttest (out of three possible
relational questions). Thus, all three interviewed students from this particular
class met the criteria of how we defined transfer for this study. Anderson and
Nashon (2006) found that the metacognitive dimensions or profile of metacogni-
tive moves that individuals within groups employ may impact the lezrning of the
group. A study that looks at these individual patterns and how they impact learn-
ing might address the lack of relationship between class metacognitive scores and
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process of transmission and the passive role that they assume in that context to
viewing learning as a process of active construction where they _nced to own the
cense-making pracess 0ok place (Gunstone 1991). The early videotapes reveal
that at the outset of the study, student dropped their hooks on the desks and pre-
pared to listen and take notes. Many appeared surprised wben they were askeq tF)
\onsider the intelligibitity and plausibility of the ideas being presented and lrl.l-
ally hung back and waited. In the coming weeks, they incrcasi.n.giy eng.aged in
the metacognitive moves and became much more active participants in their
learning. -
Students who considered the plausibility of their ideas through the negotiation
whether or not their own notions of causality made sense to them were able to
,ain a deeper understanding of the particular causal form. This. in turn su.pported
heir ability to apply the structure flexibly to new concepts. .Whlle the ﬁndlnngs are
orrelational, students who engaged in metacognitive activities were more likely to
transfer their understanding of causal structures between topics than those students
who were not engaged in metacognitive activities. Students’ preference for Category. @,
ntelligibility and wide-applicability, underscores the importance of copnectmg
new ideas to familiar contexts and to helping students learn by comparing thplr
ideas to other students’ models. This type of comparison is a part of many mode.lmg
4 proaches where students try out various models and GVEI]L.lﬂ[E them in comparison
‘other models and which most effectively explains the evxdencsi.l .
- The above exploration underscores the promise of metacognition when there is
eep structural knowledge 1o be learned and Lransferr‘ed gZOhar. 1994). By er.lcoura.g—
ng deeper processing and giving students ownership for their scnse-.makmg, stu-
dents are more likely to understand the logical structures, causal relationships, and
mechanisms involved in the particular science content (Chin and Brown 2990;
Zohar 1994). Given students’ tendency toward default patterns, metacognition
nvites students to realize, reflect upon, and perhaps ultimately revise the underlying
causal structures that they assign to particular concepts. This ultimately Sh()L.l]d
“enable them to develop a broader repertoire of causal concepts and also a reflective
awareness about where they may apply. In turn, this should encourage deeper undm?r-
standing in science and a greater likelihood that students will be able to deal with
mplexity in their lives.

Summary

The results underscore the importance of metacognition in helping students to
evaluate how they are structuring their ideas and to adopt more complex explana-
tory structures. Students who reflected upon and evaluated the structure of their
models were more likely to realize the need to structure the concepts differently.
In the classroom djscussions, a clear shilt in students ffom viewing learning as a
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Appendix 1: Exam :
: ple of Mat : e
Activity in Density erials-Based Metacognitive

Refiecting on What You’ve Learned About Changes in Density
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l 5. W <l
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SCE
”“C]OSCOPIC le\r‘e] and 10W dEHSlly can Ci y
'L]lE: {OHUW]Hg qUCQIIOIIS.

1. Of what "ve
i y(;)Lur)v; learned about what causes differences in density, what mak
- y L. re there any piecesqof what you've learned that Se(:,m especi es
e you? What about it makes it easy to understand? . o
, what you've iffere :
o Sen{’e t(:«; iez;rzs;l about what causes differences in density, what doesn’y
Sen: ou? at pieces seem especi if e :
5 8 ‘ 1all ] :
. about them makes them difficult? ’ ey
3. Sometimes eve .
§ n when we understand i
Rl vhen Ste an idea, we may not believe i
o deigily ISI[EPE an Ide? is not the same thing as believing it to be true. In [ermtc:
sity, 1s there anything that you beli . l‘
i g y leve Lo be true? Why do you believe it to
4. Is there anythi i
; anything that you believe is n ;
. s not true? Why ieve it i
5. Is there anything about what lear % d'o R s e
i IU' 0 ‘you earned about density that relates to other ideas
ave learned about? What are they? In what ways do they relate? -

Appendix 2: Exam
: ple of Teacher- ”
Activity in Density cher-Supported Metacognitive

Reflecting on Our Thinking as a Group

The more we ¢ i
C Cd "
ety o .dum k.)egm to understand our own thinking, the better we understand
i e c;: In science. As an exercise to help us reflect on our thinkine as
als and as a group, we will watch a vi i ) S
, S £ a video from yesterday’ .
walch the vide e o - yesterday’s lesson. As you
to consider tth’IIOOI'\tj'?‘r Wways in which you use each other to make sense of idg
‘ plausibility of ideas, and to ¢ i o 82
- o ; S, o connect ideas to othe “learni
Here is a list of possible situations o look for- r areas of learning.

ange. In your journal, please answer

~ Anderson, D.. & Nashon. S. (

~ Beeth, M. E. (1998b). Facilitating conceptual change lear

Students discuss their different understandings. After one student shares his or
nt's model to have the

her model, other students in the class add to the first stude
idea make sensg to them.
Students talk about whether or not they believe a particular model. Sometimes even
if a model makes sense, you may not necessarily believe it. Can you recognize

_any examples when a student (or a group of students) talks about “getting” a

particular model but not necessarily “buying” it? In other words, instances when

students debate whether or not an idea is true?
In the discussions, were there any instances when students referred to common

experiences that you, as a class, have shared (or maybe not shared) that made

thinking about this idea difficult to understand?
Were there any comimon experiences or understandings that the class shares

that helped class members make connections about this idea to other areas
of learning? Was there any ¢ommon theme that students tended to refer to when

explaining their ideas?
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