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PERSPECTIVES

Rocks formed before 2.9 billion years ago

have an extremely poor preservation potential

(see the first figure). Thus, the late Archean

marks the transition from a period of uni-

formly poor preservation potential to one in

which the geological record is biased by the

tectonic setting in which the rocks were

formed. The peaks of ages illustrated in the

first figure have been interpreted in terms of

episodic, rather than continuous, generation

of continental crust (6, 7). Such models are

largely based on the records of igneous and

sedimentary rocks selectively preserved in

“stable” areas and are therefore biased by the

formation of supercontinents. The challenge

now is to explore the geological records from

stages with poor preservation potential. 

References
1. A. B. Smith, Paleobiology 33, 310 (2007).
2. I. H. Campbell, C. M. Allen, Nat. Geosci. 1, 554 (2008).
3. R. L. Rudnick, Nature 378, 573 (1995).
4. K. C. Condie, Earth as an Evolving Planetary System

(Elsevier, Amsterdam, Netherlands, 2005).
5. A. I. S. Kemp et al., Nature 439, 580 (2006).
6. G. Gastil, Am. J. Sci. 258, 775 (1960).
7. K. C. Condie, Earth Plan. Sci. Lett. 163, 97 (1998).
8. P. Clift, P. Vannuchi, Rev. Geophys. 42, 1 (2004).
9. W. J. Collins, Tectonics 21, 1024 (2002).

10.1126/science.1168549

D
iscussions of education are generally

predicated on the assumption that we

know what education is. I hope to

convince you otherwise by recounting some

of my own experiences. When I started teach-

ing introductory physics to undergraduates at

Harvard University, I never asked myself how

I would educate my students. I did what my

teachers had done—I lectured. I thought that

was how one learns. Look around anywhere in

the world and you’ll find lecture halls filled

with students and, at the front, an instructor.

This approach to education has not changed

since before the Renaissance and the birth

of scientific inquiry. Early in my career I

received the first hints that something was

wrong with teaching in this manner, but I had

ignored it. Sometimes it’s hard to face reality. 

When I started teaching, I prepared lecture

notes and then taught from them. Because my

lectures deviated from the textbook, I pro-

vided students with copies of these lecture

notes. The infuriating result was that on my

end-of-semester evaluations—which were

quite good otherwise—a number of students

complained that I was “lecturing straight from

(his) lecture notes.” What was I supposed to

do? Develop a set of lecture notes different

from the ones I handed out? I decided to

ignore the students’ complaints.

A few years later, I discovered that the stu-

dents were right. My lecturing was ineffective,

despite the high evaluations. Early on in the

physics curriculum—in week 2 of a typical

introductory physics course—the Laws of

Newton are presented. Every student in such a

course can recite Newton’s third law of

motion, which states that the force of object A

on object B in an interaction between two

objects is equal in magnitude to the force of B

on A—it sometimes is known as “action is

reaction.” One day, when the course had pro-

gressed to more complicated material, I

decided to test my students’ understanding of

this concept not by doing traditional prob-

lems, but by asking them a set of basic con-

ceptual questions (1, 2). One of the questions,

for example, requires students to compare the

forces that a heavy truck and a light car exert

on one another when they collide. I expected

that the students would have no trouble tack-

ling such questions, but much to my surprise,

hardly a minute after the test began, one stu-

dent asked, “How should I answer these ques-

tions? According to what you taught me or

according to the way I usually think about

these things?” To my dismay, students had

great difficulty with the conceptual questions.

That was when it began to dawn on me that

something was amiss.

In hindsight, the reason for my students’

poor performance is simple. The traditional

approach to teaching reduces education to a

transfer of information. Before the industrial

revolution, when books were not yet mass

commodities, the lecture method was the only

way to transfer information from one genera-

tion to the next. However, education is so
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much more than just information transfer,

especially in science. New information needs

to be connected to preexisting knowledge in

the student’s mind. Students need to develop

models to see how science works. Instead, my

students were relying on rote memorization.

Reflecting on my own education, I believe that

I also often relied on rote memorization.

Information transmitted in lectures stayed in

my brain until I had to draw upon it for an

exam. I once heard somebody describe the

lecture method as a process whereby the lec-

ture notes of the instructor get transferred to

the notebooks of the students without passing

through the brains of either (3). That is essen-

tially what is happening in classrooms around

the globe. 

Since this agonizing discovery, I have

begun to turn this traditional information-

transfer model of education upside down. The

responsibility for gathering information now

rests squarely on the shoulders of the students.

They must read material before coming to

class, so that class time can be devoted to dis-

cussions, peer interactions, and time to assim-

ilate and think (4). Instead of teaching by

telling, I am teaching by questioning. 

I now structure my time during class

around short, conceptual multiple-choice

questions. I alternate brief presentations with

these questions, shifting the focus between

instructor and students. The questions

address student difficulties in grasping a par-

ticular topic and promote thinking about

challenging concepts. After posing the ques-

tion, I give the students 1 to 2 minutes to

think, after which each must commit to an

individual answer. They do this by submit-

ting their answers using handheld devices

called “clickers” (see the figure). Because of

the popularity of these devices, questions

posed this way are now often referred to as

“clicker questions.” The devices transmit the

answers to my computer, which displays the

distribution of answers. If between 35% and

70% of the students answer the question cor-

rectly, I ask them to discuss their answers and

encourage them to find someone in the class

with a different answer. Together with teach-

ing assistants, I circulate among the students

to promote productive discussions and guide

their thinking. After several minutes of peer

discussion, I ask them to answer the same

question again. I then explain the correct

answer and, depending on the student

answers, may pose another related question

or move on to a different topic. This approach

has two benefits: It continuously actively

engages the minds of the students, and it pro-

vides frequent and continuous feedback (to

both the students and the instructor) about

the level of understanding of the subject

being discussed.

I often meet people who tell me they have

implemented this “clicker method” in their

classes, viewing my approach as simply a tech-

nological innovation. However, it is not the

technology but the pedagogy that matters (5).

Unfortunately, the majority of uses of technol-

ogy in education consist of nothing more than

a new implementation of old approaches, and

therefore technology is not the magic bullet it

is often presumed to be. Although clickers

offer convenience and (at least for now) an

amount of trendiness that appeals to students,

the method can be implemented with flash

cards, which are inexpensive and never prone

to technological glitches (6).

Data obtained in my class and in classes

of colleagues worldwide, in a wide range of

academic settings and a wide range of disci-

plines, show that learning gains nearly triple

with an approach that focuses on the student

and on interactive learning (7, 8). Students

are given the opportunity to resolve misun-

derstandings about concepts and work

together to learn new ideas and skills in a dis-

cipline. Most important, students not only

perform better on a variety of conceptual

assessments, but also improve their tradi-

tional problem-solving skills (9). Also, data

show that such interactive engagement helps

to reduce the gender gap that exists in intro-

ductory physics classrooms (10).

So, evidence is mounting that readjusting

the focus of education from information

transfer to helping students assimilate mate-

rial is paying off. My only regret is that I love

to lecture.
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F
orty years ago, as the first drug- and

insecticide-based global malaria eradi-

cation plan was being abandoned, the

concept was raised of using evolutionary

genetics to fight vector-borne diseases like

malaria, dengue, and river blindness (1). The

idea was to exploit selfish genetic elements,

entities that can spread through host popula-

tions by distorting normal Mendelian inheri-

tance, thereby enhancing their own transmis-

sion. Theoretically, such elements could be

used to drive antipathogen effector genes

through mosquito populations. On page 141 of

this issue, McMeniman et al. (2) report a major

step in a lateral development of this approach.

They have infected the mosquito species that

transmit dengue viruses to humans with an

inheritance-distorting bacterium that kills

mosquitoes likely to be infectious.  

Wolbachia are maternally inherited bacte-

ria found in a diverse range of arthropods.

Because only female hosts can keep a lineage

of Wolbachia alive, the bacteria have ac-

quired mechanisms to ensure the overrepre-

sentation of infected female offspring. One of

these strategies is called cytoplasmic incom-

patibility, in which uninfected females that

mate with Wolbachia-infected males fail to

produce offspring. This reproductive asym-

metry can allow the bacteria to spread

through a population even if they reduce host

fecundity (see the figure). Rapid invasion of

fruit fly (Drosophila) populations by Wolbachia

has been seen in real time in nature, raising

the prospect of using these bacteria to

spread disease-controlling genes through

mosquito populations.

Can the life-shortening effect of a bacterium on mosquitoes control the transmission of dengue?
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Consider a rectangular metal plate with a circular hole in it.

When the plate is uniformly heated, the diameter of the hole 

1. increases. 
2. stays the same. 
3. decreases.

A boat carrying a large boulder is �oating on a small pond. The 
boulder is thrown overboard and sinks to the bottom of the pond. 

After the boulder sinks to the bottom of the pond, the level of 
the water in the pond is 

1. higher than 
2. the same as 
3. lower than 

it was when the 
boulder was in the boat.

?



When we hold a page of printed text in front of a mirror, the 
text on the image in the mirror runs from right to left: 

Why is it that right and left are interchanged and not top and 
bottom? Because: 

1. the mirror is oriented vertically. 
2. we have two eyes in the horizontal plane. 
3. the Earth’s gravitation is directed downward. 
4. a habit we have when looking at images in a mirror. 
5. It only appears to run from left to right. 

Consider an object that �oats in 
water, but sinks in oil. When the 
object �oats in water, most of it is 
submerged. 

If we slowly pour the oil on top of the water so it completely 
covers the object, the object 

1. moves up. 
2. stays in the same place. 
3. moves down.

The New York Times
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Two light bulbs A and B are connected in series to a battery. 
When the wire indicated by the red arrow is connected accross 
B, bulb A

1. burns more brightly 
2. burns as brightly 
3. burns more dimly 
4. goes out 

Two versions of the same question (�rst as a clicker question, 
then in a more traditional problem format). Students often 
have more di�culty with the clicker question than with the 
traditional problem, which they solve by rote.

For the circuit at right, calcu-
late the current through the 
2.0-Ω resistor (a) when the 
switch S is open and (b) when 
the switch S is closed. 

9 V

+ –

A

S

B

9.0 V

2.0 Ω

4.0 Ω



 

 

ANSWERS 
 
1. Increases. As the plate is heated, it expands uniformly, and so all the atoms making up 
the plate get spaced out farther. The only way for the atoms constituting the perimeter of 
the hole to get farther apart from one another, is to increase the perimeter (and therefore 
the diameter) of the hole. Alternatively, imagine drawing a circle with the same diameter 
as the hole on a similar plate without hole. As the plate is heated, it expands uniformly 
and so the diameter of the circle must increase. 
 
2. Lower than. In the boat, the rock displaces an amount of water whose weight is equal 
to the weight of the rock. In the water it displaces its volume. Because the volume of 
water that weighs as much as the rock is much larger than the rock’s volume, the level of 
the pond must go down. 
 
3. A habit we have when looking at images in the mirror. To see the reflection of an 
object in the mirror, the object must face the mirror. To see the image of a newspaper 
facing you in a mirror, you must rotate it 180° about some axis. Out of habit, most 
people chose the vertical. You could, however, just as well flip the paper about the 
horizontal, in which case top and bottom would be interchanged. 
 
4. Moves up. When it is floating in the water, the ball displaces a volume of water whose 
weight is equal to the weight of the ball. With the oil added, both a volume of water and 
a volume of oil is displaced, the sum of which must equal the weight of the ball. Because 
of the additional displaced oil, the volume of water displaced after the oil has been added 
must be less than before and so the ball has to move up. 
 
5. Burns more brightly. With the wire connected across bulb B, that bulb is “shorted out” 
meaning all current flows through the wire and none through the bulb. The wire, having 
virtually no resistance, essentially puts both sides of the bulb at the same potential and 
therefore no current can flow through the bulb. So, after the wire is connected across B, 
the situation is identical to having just bulb A connected across the terminals of the 
battery. The resistance of A by itself is smaller than that of A and B combined and so a 
greater current flows through the circuit. Consequently, A burns more brightly. 
 
6. (a) 1.5 A. (b) 4.5 A. Note: the current in b is much larger than in a, confirming that A 
in question 5 burns more brightly after the wire has been connected across it. 
 


