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Understanding Misconceptions

Teaching and Learning in Middle School Physical Science

By PHILIP M. SADLER AND GERHARD SONNERT

verybody wants teachers to be knowledgeable. Yet there
is little agreement on exactly what kinds of knowledge
are most important for teachers to possess. Should
teachers have deep knowledge of the subject matter they
are teaching, gleaned from college study, additional graduate
courses, or even research experience? Do they need to understand
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how students typically think when they approach a problem or
theory? Is there some optimal combination of these different types
of knowledge?

Researchers have long speculated that a teacher’s knowledge
of common student misconceptions could be crucial to student
learning.! This view recognizes that learning is as much about
unlearning old ideas as it is about learning new ones.? Learners
often find it difficult to change their misconceptions, since these
are ideas that make sense to them. Some researchers advocate,
therefore, that teachers should know common student miscon-
ceptions for the topics that they teach,® and others suggest that
teachers interview” or test® their students to reveal student pre-
conceptions early on in the learning process. Yet the research falls
short in assessing teachers’ knowledge of particular student
misconceptions and the actual impact of this knowledge on stu-
dent learning.

Such discussions as these, if they use data at all, are often based
on indirect methods of gauging teacher knowledge. College
degrees earned, courses taken, and grades achieved often serve
as proxies for a teacher’s subject-matter knowledge, which is
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identified as the general conceptual understanding of a subject
area possessed by a teacher.® But studies that rigorously investi-
gate the relationship between the different kinds of teacher
knowledge and student gains in understanding are rare.”

We set out to better understand the relationship between
teacher knowledge of science, specifically, and studentlearning.?
We administered identical multiple-choice assessment items both
to teachers of middle school physical science (which covers basic
topics in physics and chemistry) and to their students throughout
the school year. Many of the questions required a choice between
accepted scientific concepts and common misconceptions that
have been well documented in the science education literature.’
We also asked the teachers to
identify which wrong answer they
thought students were most likely
to select as being correct. Through
astudent posttest at the end of the
school year, we were able to study
the impact on student learning of
teacher knowledge of science and
the accuracy of their predictions
of where students are likely to
have misconceptions.

Not all items had very popular
wrong answers, but for those that did (12 items of the 20, or 60
percent), we found that teachers who could identify these mis-
conceptions had larger classroom achievement gains, much
larger than if teachers knew only the correct answers. This finding
suggests that a teacher’s ability to identify students’ most com-
mon wrong answer on multiple-choice items, a form of pedagogi-
cal content knowledge, is an additional measure of science
teacher effectiveness. For items on which students generally had
no popular misconceptions, teacher subject-matter knowledge
alone accounted for higher student gains.

Our Study

The goal of our study was to test two hypotheses regarding teacher
knowledge in middle school physical science courses:

Hypothesis 1: Teachers’ knowledge of a particular science
concept that they are teaching predicts student gains on that
concept.

Hypothesis 2: Teachers’ knowledge of the common student
misconceptions related to a particular science concept that
they are teaching predicts student gains on that concept.

We assessed teachers’ subject-matter knowledge and their
knowledge of students’ misconceptions in the context of the key
concepts defined by the National Research Council’s (NRC)
National Science Education Standards and measured their rela-
tionship to student learning.* We administered the same multiple-
choice items to both students and teachers. And we asked teachers
to identify the incorrect item (that is, the student misconception)
that they believed students would most often select in lieu of the
correct answer. This method allowed us to simultaneously evalu-

*We conducted our study prior to the advent of the Next Generation Science
Standards, for which curricula are not yet widely available.

We set out to better understand
the relationship between
teacher knowledge of science
and student learning.

ate the teachers’ knowledge of both subject matter and students’
misconceptions and examine if these teacher measures predict
student gains in middle school physical science classrooms.

Science learners often struggle with misconceptions, and
multiple-choice tests function well in diagnosing popular mis-
conceptions that can impede the learning of science concepts.'
Good examples include the causes of the seasons and of the
phases of the moon. For instance, a particularly common view,
often held by adults, is that the seasons are caused by the earth’s
elliptical orbit rather than the changing angle of the sun’s rays
hitting the surface of the earth. In the documentary A Private
Universe, bright and articulate graduating college seniors, some
with science majors, revealed
their misunderstandings of such
common middle school science
topics.!! If teachers hold such
misconceptions themselves or
simply are unaware that their
students have such ideas, their
attempts to teach important con-
cepts may be compromised.

We measured gains on key
concepts during a one-year
middle school physical science
course. As is common in this type of research, we controlled for
differences in student demographics, such as race, ethnicity,
home language spoken, and parents’ education. By using indi-
vidual test items, we could assess how strongly teachers’ subject-
matter knowledge and knowledge of students’ misconceptions
were associated with student gains.

Our study design was also able to account for the amount of
physical science content taught during the middle school years,
which can vary greatly. While some schools devote an entire aca-
demic year to the subject, other schools include physical science
within a general science sequence that covers earth and space
science and life science. Also, we were concerned that the initial
science achievement of participating classrooms might obscure
any changes in student achievement during the school year. For
example, it may be that, compared with their less experienced
colleagues, more experienced or expert teachers were assigned
students who have shown higher prior achievement. Administer-
ing a pretest, a midyear test, and a posttest enabled us to control
for students’ baseline knowledge level.

Our initial nationwide recruitment effort yielded 620 teachers
of seventh- and eighth-grade physical science at 589 schools (91
percent of which were public). Of the teachers who at first volun-
teered to be part of this study, 219 followed through. They were
quite experienced, with a mean time teaching of 15.6 years and a
mean time teaching middle school physical science of 10.4 years.
They had a range of undergraduate preparation: 17 percent had
adegree in the physical sciences; 25 percent, a degree in another
science; 36 percent, a science education degree; 23 percent, an
education degree in an area other than science; and 9 percent, a
degree in another field. Multiple undergraduate degrees were
held by 8 percent of teachers. Of the total sample, 56 percent held
a graduate degree in education and 14 percent held a graduate
degree in science.
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In return for their participation, we offered to report back to
teachers the aggregate scores of their students and the associated
student gains in comparison with our national sample.'* Seventy-
eight percent of the students were in eighth grade, while 22 per-
cent were in seventh grade. At the end, we obtained usable data
from a total of 9,556 students of 181 teachers.

Design Details

For the assessment, we constructed multiple-choice questions'
that reflect the NRC'’s physical
science content standards for
grades 5-8." While we are con-
strained from publishing the
actual wording of the 20 ques-
tions because the assessment
is widely used by professional
development programs
nationally,’ the assessment
addresses three content areas:
properties and changes of
properties in matter (six ques-
tions), motions and forces (five
questions), and transfer of
energy (nine questions). (See
Table 1 on page 29 for details.)

Multiple-choice questions
fell into two categories with
respect to the relative popular-
ity of the wrong answers. Eight
of the 20 questions had “weak”
or no evident misconceptions,
with the most common wrong
answer chosen by fewer than half of the students who gave incor-
rect responses. Consider the results for Sample Item 1 (shown
below), for example. While 38 percent of students answered this
question correctly (option d), a corresponding 62 percent
answered incorrectly, with 42 percent of those who were incorrect
selecting option b. While option b was the most popular wrong
answer, it was not chosen by more than half of the students who
answered incorrectly, so the item is considered not to have an
identifiable misconception.

1. A scientist is doing experiments with mercury. He heats
up some mercury until it turns into a gas. Which of the fol-
lowing do you agree with most?

a. The mercury changes into air. [chosen by 12 percent]
b. Some of the mercury changes into carbon dioxide.
[chosen by 26 percent]

c. The mercury changes into steam. [chosen by 14 percent]
d. The gas is still mercury. [chosen by 38 percent]

e. The mercury is completely destroyed when heated.
[chosen by 10 percent]

Atotal of 12 questions had “strong” misconceptions, meaning
50 percent or more of students who chose a wrong answer pre-
ferred one particular distractor. For example, as shown in Sample
Item 2, only 17 percent of students answered the question cor-
rectly (option a), and a corresponding 83 percent answered incor-
rectly. A very large fraction (59 percent) of students chose one
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We found that student gains are
related to teacher knowledge.

particular wrong answer, option d; of the students choosing an
incorrect answer, 71 percent preferred this single distractor. This
response indicates a strong misconception.

2. Ericis watching a burning candle very carefully. After all of
the candle has burned, he wonders what happened to the
wax. He has a number of ideas; which one do you agree with
most?

a. The candle wax has
turned into invisible gases.
? ? [chosen by 17 percent]
'? T ? b. The candle wax is invisi-
e ? : ? ble and still in the air. [cho-
? : ? ? sen by 6 percent]
: :J ? : c. The candle wax has been
= completely destroyed after
burning. [chosen by 8
percent]
d. All of the wax has melted
and dripped to the bottom
of the candle holder. [cho-
sen by 59 percent]
e. The candle wax has
turned into energy. [chosen
by 10 percent]

Classroom coverage of the
content represented by the test
items was near universal. Only
eight teachers reported that
they did not cover the content
tested by one particular item,
and two teachers reported that they did not cover the content in
two items.

In Table 1, we break down by standard the broad concepts
addressed by the 20 test items, with their common misconceptions
noted in italics underneath each one. Relevant earlier studies about
these specific student misconceptions are cited in the endnotes.

On the midyear and end-of-year assessments, we included
four nonscience questions—two reading and two mathematics—
to get a general sense of students’ engagement in and effort on the
tests themselves. The two reading questions were constructed to
represent students’ comprehension of a science-related text. The
first of these required the students to comprehend the actual text,
while the second required them to infer from the text. Similarly,
of the two mathematics questions, one required a well-defined
arithmetic operation, while the second required students to iden-
tify the relevant features of a word problem before responding.
Mean reading and math scores were both 58 percent.

These four items were used to construct what is called a com-
posite variable. Students who correctly answered fewer than half
of the nonscience content items (27 percent of participants)
were tagged as “low nonscience”; those who correctly answered
at least 50 percent of the four reading and math items were
tagged as “high nonscience.” This index allowed us to examine
gains for each group separately. We hypothesized that students
who performed in the low-nonscience range in reading and
doing simple math would have had difficulty answering the sci-



ence questions on the test or simply would not have given the
test their best effort.

Teacher Subject-Matter Knowledge and
Knowledge of Students’ Misconceptions

Teacher performance in subject-matter knowledge on the pre-
test was relatively strong, with 84.5 percent correct on nonmis-
conception items and 82.5 percent on misconception items. On
average, teachers missed three out of 20 items. Teachers’ knowl-
edge of students’ misconceptions—that is, the ability to identify
the most common wrong answer on misconception items—was
weak, with an average score of 42.7 percent identified. On aver-
age, they identified only five out of the 12 items with strong
misconceptions.

Teachers’ performance on each of the eight nonmisconception
items fell into one of two categories (see Figure 1 on page 30):

¢ Subject-matter knowledge (teacher answered correctly)—84.5
percent of responses.

¢ No subject-matter knowledge (teacher answered incor-
rectly)—15.5 percent of responses.

As expected, the majority of teachers were competent in their
subject-matter knowledge, especially when the item did not
include a strong misconception among its distractors.

Teachers’ performance on each of the 12 misconception items
fell into one of four possible categories (see Figure 2 on page 30):

¢ Had both subject-matter knowledge and knowledge of students’
misconceptions (teacher answered correctly and knew the most
common wrong student answer)—40.7 percent of responses.

¢ Had subject-matter knowledge, but no knowledge of students’
misconceptions (teacher answered correctly but did not know
the most common wrong student answer)—41.8 percent of
responses.

¢ Had no subject-matter knowledge, but had knowledge of stu-
dents’ misconceptions (teacher answered incorrectly but knew
the most common wrong student answer)—2.0 percent of
responses.

¢ Had neither subject-matter knowledge nor knowledge of stu-
dents’ misconceptions (teacher answered incorrectly and did
not know the most common wrong student answer)—15.5
percent of responses.

In the case of teachers not knowing the science (that is, answer-
ing the item incorrectly), most selected the dominant student
misconception as their own “correct” answer. We decided to
combine the third and fourth categories into one, because teach-
ers in both categories did not possess the relevant subject-matter
knowledge for that item. Moreover, it is hard to interpret the
meaning of the very small (2 percent) category of teachers’
responses that lacked subject-matter knowledge but showed
knowledge of students’ misconceptions.

Teacher subject-matter knowledge and knowledge of students’
misconceptions thus appear related, rather than independent from
each other.? Whereas some researchers have argued that there are
no formal differences between types of teacher knowledge,* it
seems that subject-matter knowledge, at least in the form that we
measured, should be considered a necessary, but not sufficient,
precondition of knowledge of students’ misconceptions.

Table 1. Science Concepts Tested and
Common Misconceptions

Properties and Changes of Properties in Matter

Concept: A substance has characteristic properties.
Misconception: Boiling point varies with the amount of
material."®

Concept: Substances react chemically in characteristic ways
with other substances to form new substances.
Misconception: Burning produces no invisible gases."”

Concept: All substances are composed of one or more
elements.
Misconception: Matter is not conserved.'®

Motions and Forces

Concept: Position can be used to represent an object’s motion.
Misconception: Objects that are speeding up cover the same
distance per unit of time."

Concept: An object’s position, direction of motion, and speed
are interrelated.

Misconception: Graphs of motion versus time are similar to the
physical path followed by the object.?°

Concept: Forces can act in the direction opposite to an object’s
motion.

Misconception: Force is always in the direction of an object’s
motion.”

Transfer of Energy

Concept: Objects come to the temperature of their
surroundings.
Misconception: Some materials are intrinsically cold.?

Concept: Light propagates and interacts with matter, and it is
passively detected.

Misconception: Light travels in a straight line even when it
interacts with matter.?®

Concept: Electrical circuits provide a means of transferring
electrical energy when heat, light, sound, and chemical
changes are produced.

Misconception: Electricity behaves in the same way as a fluid.**

Student Achievement

Student scores were relatively low, indicating that the science
assessment items were difficult. The mean pretest score across all
items (both those without misconceptions and those with mis-
conceptions) was 37.7 percent. Mean scores on the final test were
higher at42.9 percent: 44.8 percent for items without misconcep-
tions and 41.7 percent for those with misconceptions. Students
had a slightly easier time learning the content for which there
appeared to be no dominant misconception. Our analysis of
teacher knowledge at the start of the year shows high levels of
subject-matter knowledge, with some weaknesses, and rather
moderate levels of knowledge of students’ misconceptions, as
measured by teachers’ prediction of the most common wrong
answers of their students. Most importantly, we found that stu-
dent gains are related to teacher knowledge, as shown in Figure 3
on page 31. Students made high gains on nonmisconception
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questions when teachers had high subject-matter knowledge. On  exhibit lower gains in other subjects because much of the effort
misconception questions, students made medium gains if the behind learning requires reading texts.?

teachers had both high subject-matter knowledge and high It also may be the case that students who answered the
knowledge of misconceptions. In all other constellations, the embedded reading and mathematics items incorrectly may

student gains were low.

In addition, we found inter-
esting differences between high-
nonscience and low-nonscience
students. The former showed
much larger gains than the latter.
The high-nonscience students,
even iftheir teacher did not have
the requisite subject-matter
knowledge and knowledge of
students’ misconceptions, made
moderate gains. There are many
possible explanations for this
result. For instance, these stu-
dents may have found ways to
gain knowledge from other
sources, such as their textbooks,
homework, or discussions with
other students.

Having a more knowledge-
able teacher is associated with
even larger gains for the high-
nonscience students than for
the low-nonscience students,
bringing to mind the so-called
Matthew effect, which, loosely
stated, says that those with an
attribute in abundance (in this

simply not have taken these
questions (or the test as a
whole) seriously. Those with
low scores on these questions
may have gotten these ques-
tions wrong because they were
uninterested, and their perfor-
mance on the 20 science items
may likewise have suffered. If
this is the case, the findings for
students of high-nonscience
levels (73 percent of the total)
should be emphasized as more
fairly reflecting the impact of
teacher subject-matter knowl-
edge and knowledge of stu-
dents’ misconceptions.
However, a significant gain

Tea Ch e rs' su bJ ect-matter was seen on nonmisconception

items for low-nonscience stu-

knOWIGdge should be considered  dentsif they had a knowledge-
HP bl her, 1
a necessary, but not sufficient, able teacher, so at least some

appear to have taken the tests

precondltlon of knowledge Of seriously. It also appears that

. . students with low reading and

students’ misconceptions. math scores were particularly
dependent on the teacher’s

subject-matter knowledge,

case, knowledge) tend to gain more than those who start with  exhibiting no significant gain unless their teachers had the req-
less.?” Research has found that students with low reading levels uisite subject-matter knowledge for these items (and the items

Figure 1. Teachers’ Performance on the Figure 2. Teachers’ Performance on the
8 Nonmisconception Questions 12 Misconception Questions
100% 100%
Misconception
84.5% 82.5% Not Identified
% — % — Misconception
80 80 41.8% . Identified
60% — 60% —
40% — 40% —
20% 15.5% 20% — 17.5%
15.5%
0% 0%
Answered Correctly Answered Incorrectly Answered Correctly Answered Incorrectly
Percentage of nonmisconception questions teachers answered Percentage of misconception questions teachers answered

correctly

correctly, and percentage of misconceptions they correctly
identified
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had no misconceptions). The lack of gain on misconception items
for these students, independent of the level of teacher subject-
matter knowledge or knowledge of students’ misconceptions, is
particularly troubling. These items may simply have been mis-
read, or they may be cognitively too sophisticated for these stu-
dents, or the students may not have tried their hardest on a
low-stakes test.

Among the students with high math and reading scores, our
analysis reveals a clear relationship of teacher knowledge to stu-
dent gains. For nonmisconception items, student gains are nearly
double if the teacher knows the correct answer. When items have
a strong misconception, students whose teachers have knowl-
edge of students’ misconceptions are likely to gain more than
students of teachers who lack this knowledge. Much of what hap-
pens in many science classrooms could be considered as simply
ademonstration of the teacher’s own subject-matter knowledge,
without taking into account the learner’s own subject-matter
knowledge. Without teachers’ knowledge of misconceptions
relevant to a particular science concept, it appears that their stu-
dents’ success at learning will be limited.

Notably, “transfer” of teacher subject-matter knowledge or
knowledge of students’ misconceptions between concepts
appears to be limited. For example, a teacher’s firm grasp of elec-
trical circuits and relevant misconceptions appears to have little
to do with the effective teaching of chemical reactions. Teachers
who are generally well versed in physical science still may have
holes that affect student learning of a particular concept. Our
findings suggest that it is important to examine teacher knowl-

Figure 3. Classroom Gain
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edge surrounding particular concepts, because student perfor-
mance at the item level is associated with teacher knowledge of
a particular concept.

Moreover, in teaching concepts for which students have mis-
conceptions, knowledge of students’ ideas may be the critical
component that allows teachers to construct effective lessons.
Because teachers’ knowledge of students’ misconceptions is low,
compared with their knowledge of the science content, profes-
sional development focusing on this area could help teachers
(and students) substantially.

ubject-matter knowledge is an important predictor of

student learning. The need for teachers to know the

concepts they teach may sound like a truism. But while

one may assume that the science content of middle
school physical science is, in general, well understood by teach-
ers, there are noticeable holes in their knowledge, which differ
by teacher. It is not surprising that teachers with the proper
subject-matter knowledge of a given concept can achieve larger
gains with their students than can those lacking that knowledge;
a teacher without subject-matter knowledge may teach the
concept incorrectly, and students may end up with the same
incorrect belief as their teacher.

Effectiveness of middle school science teachers may thus
have more to do with a mastery of all the concepts that they
teach than with the depth of their knowledge in any particular
topic. The increasing involvement of science professors in
teacher professional development could focus those programs

. High

Medium

Low

0.56

0.40
0.37

0.00
Teachers with low
subject-matter
knowledge

Teachers with high
subject-matter
knowledge

Nonmisconception Questions

“Classroom gain” represents the effect size that teachers with
various levels of subject-matter knowledge and knowledge of
students’ misconceptions had on a test of their students’
achievement.

The following levels of classroom gain are indicated: low=0.30;
medium=0.50; high=0.70.

Teachers with low
subject-matter
knowledge and

with low knowledge
of students’
misconceptions

Teachers with high
subject-matter
knowledge and

with low knowledge
of students’
misconceptions

Teachers with high
subject-matter
knowledge and
high knowledge

of students’
misconceptions

Misconception Questions

Our study found a high gain in student achievement on nonmiscon-
ception questions when teachers had high subject-matter knowledge.
We also found a medium level of student gain on misconception
questions when teachers had both high subject-matter knowledge
and high knowledge of students’ misconceptions. When teachers had
low subject-matter knowledge or low knowledge of students’
misconceptions, gains in student achievement remained low.
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too narrowly on the scientists’ special areas of expertise, which
might boost participants’ subject-matter knowledge only in a
narrow set of topics. Conducting a diagnostic identification and
remediation of teachers’ knowledge “holes” might prove more
advantageous.

An intriguing finding of this study is that teachers who know
their students’ most common misconceptions are more likely to
increase their students’ science knowledge than teachers who
do not. Having a teacher who knows only the scientific “truth”
appears to be insufficient. It is better if a teacher also has a model
of how students tend to learn a par-
ticular concept, especially if a com-
mon belief may make acceptance
of the scientific view or model
difficult.

This finding, too, has practical
implications. In professional devel-
opment, an emphasis on increasing
teachers’ subject-matter knowledge
without sufficient attention to the
preconceived mental models of
middle school students (as well as
those of the teachers) may be inef-
fective in ultimately improving their
students’ physical science knowl-
edge. d

Teachers who know their
students’ most common
misconceptions are more
likely to increase their students’
science knowledge than
teachers who do not.
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