
AUGUST 1994
$3.95

The daily grind of preparing flour 

left its mark on Neolithic bones.

Red tidesÑa growing hazard.

The extreme ultraviolet universe.

SQUIDs for ultrafaint signals.

Copyright 1994 Scientific American, Inc.



August 1994     Volume 271     Number 2

26

32

46

40

Third World Submarines
Daniel J. Revelle and Lora Lumpe

Extreme Ultraviolet Astronomy
Stuart Bowyer

How Cells Present Antigens
Victor H. Engelhard

4

54

SQUIDs
John Clarke

Shipyards in the U.S., Germany and Russia are churning out diesel submarines for
purchase by regional powers such as Iran. Such governments also snap up Òsecond-
handÓ diesel submarines from shrinking navies in Great Britain and elsewhere. Sub-
marine proliferation complicates the challenge that the navies of the industrial
democracies would face should political tensions ßare into war.

For many years, no one looked through this window on the universe, assuming that
interstellar dust and gas would absorb such radiation. But some probing proved oth-
erwise. Today the Extreme Ultraviolet Explorer pours back billions of bits of data that
deepen understanding of galaxies, pulsars, quasars, black holes and other astrophys-
ical objects. The extreme ultraviolet data also illuminate cosmological mysteries.

If cells of the immune system could not present molecules from foreign organisms,
the body would not be able to mount a reaction against viruses, bacteria, parasites
and other invaders. Proteins are broken down and then displayed as antigens on
the surface of cells so that antibodies can be produced and other defensive mea-
sures taken. That process is now explained in exquisite detail.

In his youth, Marvin Minsky had a brilliant idea for designing a microscope that
could focus at diÝerent depths in an organic specimen. Versions of the device now
routinely produce beautifully complex images in two and three dimensions.

Short for superconducting quantum interference devices, SQUIDs constitute the
Þrst practical application of high-temperature ceramic superconductors. The probes
detect quantum changes in magnetic Þelds and therefore have become indispens-
able in basic research, where among other uses, they provide a sensitive test of rel-
ativity. They are now poised for wide use in medicine and in manufacturing.
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These blooms of algae can release potent toxins into the oceans, killing pods of
whales and schools of Þsh. They have also induced serious illness in humans who
have eaten contaminated seafood. The frequency of such incidents has been in-
creasing because pollution provides rich nutrients for the organisms.

When agriculture replaced hunting and gathering, the daily grind changed dramat-
ically. The eÝects can be read in Neolithic bones from what is now northern Syria.
Among them were arthritis and lower back injury in those who ground wheat, and
broken teeth and gum disease in those who ate the breads made from it.

When women demanded that medicine treat them as whole individuals, they began
a revolution around the world. The new perspective reveals gaps in knowledge about
how the female body functions and how it responds to medication. Researchers
have also focused attention on such issues as domestic violence, the health eÝects
of unsafe abortions, sexually transmitted diseases and female genital mutilation.
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THE COVER painting evokes a daily task
that left strong marks on the bones of Ne-
olithic women. The task was grinding grain
on a stone quern, shaped like a saddle so it
could contain the grain and ßour. Working
for hours on her knees, a woman would
push the rubbing stone forward to the far
end of the quern and pull it back. In doing
so, she put constant strain on the bones and
joints of her back, arms, thighs, knees and
toes. The work caused structural damage
and arthritis (see ÒThe Eloquent Bones of
Abu Hureyra,Ó by Theya Molleson, page 70).
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LETTERS TO THE EDITORS

Stale Bread Mystery

Thank you for the delightful and in-
formative article ÒChemistry and Phys-
ics in the Kitchen,Ó by Nicholas Kurti
and Herv� This-Benckhard [SCIENTIFIC

AMERICAN, April]. ItÕs just the thing to
amuse and console a lot of us physi-
cists who are looking at other Þelds as
we see our own evaporating (or in culi-
nary terms, ÒreducingÓ).

Perhaps the authors can help with a
problem that has troubled me for years.
The science of bread making has made
progress in understanding how the glu-
ten protein in ßour is converted to give
chewable bread with a tender crumb.
We know that the sugars on the exterior
caramelize to produce a golden-brown
crust. We know that gluten gives the
dough body and holds it together until
baked. We know that the heat of baking
alters the molecular bonds so the Þn-
ished bread remains moist but no long-
er tough and elastic like the raw dough.

But what happens when slightly stale
bread is freshened in a microwave oven?
A conventional oven somehow partially
restores the moist, tender constitution
of fresh bread. A microwave oven, on
the other hand, restores the moistness
but also revives the undesirable tough-
ness and elasticity of the gluten in the
raw dough.

GERALD T. DAVIDSON

Menlo Park, Calif.

Kurti and This-Benckhard reply:
We inquired at the INRA Center in

Nantes, where the laboratory of cereal
technology is headed by Bernard Go-
don. Unfortunately, this eÝect has not
yet been studied.

It is clear that in stale bread, water
bound to the carbohydrates in a gel is
slowly lost to either the air or the glu-
ten network. When heated, the water
bound to the gluten is taken up again
by the carbohydrates, which partially
gel. Heat enters the bread diÝerently in
the two types of ovens, however. The
traditional oven creates a strong tem-
perature gradient because the bread is
a poor conductor of heat. The micro-
wave oven heats the bread uniformly
because the bread absorbs the energy
directly. The microwaves can be ab-
sorbed by both the water and gluten
molecules. Yet the behavior of the wa-
ter can depend on whether it is bound

to the carbohydrates or the gluten.
These variables could aÝect the fresh-
ening of stale bread.

Prostate Cancer Screening

The impact of Marc B. GarnickÕs ÒThe
Dilemmas of Prostate CancerÓ [SCIEN-
TIFIC AMERICAN, April] went miles be-
yond the scope of most magazine arti-
cles. This one is literally a lifesaver. A
friend sent the story to me from Cali-
fornia. I was galvanized into being test-
ed and discovered a cancer-causing pol-
yp. I passed the article on to two friends,
who had tests showing that both had
prostatic malignancies. Because of your
powerful story, we became some of the
lucky ones: we can now do something
about our problems.

LetÕs hope your article will impel re-
searchers to get busy with serious study
of this unglamorous disease.

SAMUEL A. HOUSTON

Houston, Tex.

Implicit in GarnickÕs endorsement of
the screening recommendations of the
American Cancer Society is a radical de-
parture from the traditional medical
ethic ÒÞrst do no harm.Ó Translated into
a basic principle for the mass screening
of asymptomatic individuals, that ethic
means: do not recommend screening
unless there is an eÝective proven treat-
ment whose beneÞt outweighs the harm.
As Garnick points out, the beneÞt/
harm ratio of prostate-speciÞc antigen
(PSA) screening cannot be calculated at
this time, because there is no proven
beneÞt. We physicians must inform pa-
tients of that fact before asking them
to consent to PSA testing.

DAVID L. HAHN
Madison, Wis.

All the scientiÞc studies cited in the
article recommended less aggressive
treatment of mild disease. Yet Garnick
favors aggressive treatment. Where are
the data to substantiate his contention
that the average patient in the U.S. ben-
eÞts from early surgery for cancers de-
tected by the PSA assay? Physicians in
Europe use the PSA test less aggres-
sively than those in the U.S. 

Do you think the Food and Drug Ad-
ministration would approve a new drug

that rendered 70 to 80 percent of pa-
tients impotent, as early surgery does,
based on the currently available data
regarding its eÝectiveness?

MICHAEL D. SWEET

San Diego, Calif.

Garnick replies:
It may take years before the true val-

ue of screening becomes known. We are
now witnessing, however, more men be-
ing diagnosed at a much less advanced
stage of disease when their cancer is
detected through PSA screening. It will
probably require years of follow-up be-
fore the beneÞt of improved survival is
realized through treating these patients
at an earlier stage. Early diagnoses of
breast and colon cancers have raised
survival rates, but those beneÞts also
sometimes did not appear until years
later. On the basis of what is known 
today, some patients will decide early
treatment is worthwhile; others will not.
Many diseases that are vigorously treat-
ed in the U.S. do not receive the same
attention in other countries.

Data suggest that prostate cancer,
when detected and treated early, can be
cured. If suÝering and premature death
can be avoided through early diagnosis
and treatment, a physician will have
behaved honorably. As recently stated
in a national meeting on prostate can-
cer, the 70-year-old man dying of meta-
static disease was probably at age 50 a
man with a curable prostate cancer.

Letters selected for publication may
be edited for length and clarity. Unso-

licited manuscripts and correspondence

will not be returned or acknowledged
unless accompanied by a stamped, self-

addressed envelope.

AMPLIFICATION

The biography box for ÒThe Molecular
Architects of Body DesignÓ [February]
neglected to mention that William McGin-
nis and Michael Levine collaborated on
the homeobox discovery with Walter J.
Gehring in his laboratory in Basel. The
text should also have mentioned that the
Þrst ÒredesignÓ of the Drosophila body
plan with an inducible promoter direct-
ing ectopic expression of Antennapedia
was done by Gehring, Stephan Schneuw-
ly and Roman Klemenz in 1987.

Copyright 1994 Scientific American, Inc.
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50 AND 100 YEARS AGO

AUGUST 1944

ÒEngineers for years have sought a
practical method of gasoline injection
for supplying fuel to the cylinders of
gasoline engines. Such a method has
now been perfected and is in produc-
tion, according to Donald P. Hess, Pres-
ident of American Bosch Corporation.
ÔThe gasoline, by this system, is deliv-
ered uniformly to every cylinder of the
engine. The result is that all cylinders
pull together in harmony, producing a
smoother ßow of power and quieter en-
gine operation than has ever been pos-
sible with any other method,Õ Mr. Hess
states.Ó

ÒCereals disguised as candy bars are
the latest idea of the food industry, de-
termined to make us eat cereals wheth-
er we want to or not.Ó

ÒSorting of mail electronically could
be accomplished if a row or rows of
black and white squares were used to
designate the Þrst main geographical
subdivision in addresses. A second row
would identify the postal substation
and a third row the city postal carrier
district. Envelopes could then be run
through a scanning machine. As the let-
ter whisked in front of the electric-eye,
the machine would do the equivalent
of reading the address in the coded
squares and then automatically route

the letter to the correct mail bag or con-
tainer. This would be repeated for the
second row and again for the third row
when the letter arrived in the Þnal post-
al sub-district. Thus it would have to be
looked at only by the carrier.Ó

ÒMagnesium threatens to take the
place of celluloid as the most feared
ßammable material used in industry.
The National Board of Fire Underwrit-
ers is preparing special data to show
factories how to control this hazard.
Absent from this will be the weird tales
of factories which forbade their women
operators to wear silk panties ( if they
could get any) lest sparks from friction
set oÝ the magnesium chips in their
lathes.Ó

AUGUST 1894

ÒJune 30, 1894, was a gala day in Lon-
don, the occasion being the opening of
a new bridge over the Thames River lo-
cated near the Tower. It is a heavy piece
of work, occupying much more valu-
able space than was necessary. But it
was considered by those who had the
say that such a work, located, as it was,
near the historical Tower of London,
ought to be massive, and present a me-

diaeval architectural look. So they sank
a pair of great piers in the narrow river,
erected strong steel frames thereon to
carry the cables and other parts, and
then clothed the steel work with a shell
of stone, the work, as a whole, being
thus made to represent a structure of
massive masonry.Ó

ÒIn writing of the last Royal Society
conversazione, the Lancet mentioned
an invention by Mr. C. T. Snedekor for
heating by electricity a quilt or cushion.
This quilt, which he named the thermo-
gen, the Lancet has since had an oppor-
tunity of putting to practical trial, and
has no hesitation in reporting upon it
thoroughly favorably as an appliance
that might be of great value in all hos-
pitals or, for that matter, in all private
houses where an electric main is handy.Ó

ÒThe citizens of BuÝalo, N.Y., were
treated to a remarkable mirage between
10 and 11 oÕclock on the morning of
August 16. It was the city of Toronto,
with its harbor and small island to the
south of the city. Toronto is Þfty-six
miles from BuÝalo, but the church
spires could be counted with the great-
est ease. This mirage is what is known
as a mirage of the third order. That is,
the object looms up far above the real
level and not inverted, as is the case
with mirages of the Þrst and second
class, but appearing like a perfect land-
scape far away in the sky.Ó

ÒAs plainly shown in the illustration,
a boat invented by Mr. H. B. Ogden, No.
204 Carroll Street, Brooklyn, N.Y., is
propelled through the water in the
same manner as one propels a bicycle
on land. The boat is a long, easy run-
ning one, with the propelling machine
dropped through its bottom into a very
small brass boat or Þn keel, large
enough for the pedals. As shown in the
sectional view at the top, the pedal
cranks turn a gear which meshes into a
worm of long pitch on the screw shaft;
steering is eÝected by a rudder con-
nected with the forward handle. These
boats are designed to furnish a delight-
ful means of recreation and healthful
exercise, as well as serve useful pur-
poses. Especial advantages are claimed
for these boats for gunning service, as
they are quiet, may be run fast, and the
hands may be freed to use the gun at
any time.ÓOgdenÕs marine velocipede, or bicycle boat

Copyright 1994 Scientific American, Inc.



Star Gobbler
A black hole is identiÞed 
in the core of the galaxy M87

S
cientists may not believe in mon-
sters, but many astronomers be-
lieveÑin the metaphoric senseÑ

that ravenous beasts truly exist at the
centers of some galaxies. These cosmic
creatures are giant black holes, col-
lapsed objects having millions or even
billions of times the mass of the sun
packed into a space no larger than our
solar system. The gravitational Þeld of
such objects is so powerful that matter
and even light that fall in cannot return
to the outside universe.

For three decades, astronomers have
eagerly sought signs that monster black
holes were more than a Þgment of their
imaginative theorizing. Now the Hubble

Space Telescope has provided the strong-
est sign yet that these objects are in-
deed real. A team of astronomers led by
Holland Ford of the Space Telescope
Science Institute in Baltimore and Rich-
ard Harms of the Applied Research Cor-
poration in Landover, Md., carried out
the observations.

The scientists used Hubble to study
the inner regions of M87, a huge ellipti-
cal galaxy located in the Virgo Cluster,
some 50 million light-years from the
earth. There they happened on a pre-
viously unknown disk of gas that, 60
light-years from its center, is whirling
at a speed of 750 kilometers per second,
some 25 times the velocity at which the
earth orbits the sun.

From that exceedingly rapid motion,
Harms and his colleagues estimate that
the gas is orbiting a central mass pos-
sessing between two billion and three
billion solar masses. The disk is orient-
ed roughly perpendicular to the gas jets
that shoot from the center of M87, ex-
actly as astrophysical theory predicts.
ÒAll the evidence just Þts togetherÑitÕs
kind of amazing!Ó Harms marvels.

ÒMany of us have believed in black
holes for circumstantial evidenceÑthis
strengthens the evidence,Ó says Martin
Rees of the University of Cambridge,
who traditionally takes a cautious view
toward Þndings about black holes. Tod
R. Lauer of the National Optical Astron-
omy Observatories, who has used Hub-

ble before to probe the inner regions of
M87, assumes a more deÞnite stance.

ÒIÕd bet a good bottle of scotch, a good
dinner and a trip to HawaiiÓ that the
black hole is real, he says.

The new observations come 30 years
after Edwin E. Salpeter, now at Cornell
University, and the late Soviet astro-
physicist Yakov B. ZelÕdovich proposed
that matter falling into black holes could
power quasars and radio galaxies. As
astronomers came to suspect that qua-
sars merely represent an extremely ac-
tive period in the early development of
many galaxies, they realized that dor-
mant black holes must remain in the
cores of most large galaxies. 

The long, radio-emitting jet of gas em-
anating from the center of M87 pegged
the galaxy as a particularly likely place
to Þnd a massive black hole. In 1978
Peter Young of the California Institute

of Technology conducted studies of stel-
lar motion in the core of M87 that hint-
ed at stars crowding around such an ob-
ject. Images made by Lauer using Hubble

before its recent optical Þx strength-
ened the case. But the gas disk found
by Ford and Harms and their co-work-
ers presents a much more convincing
argument. Rather than having to mea-
sure the motions of stars near the holeÑ
a messy and inconclusive processÑthey
could make a much simpler measure-
ment of the rotation of what seems to 
be a single rotating disk. ÒNature has giv-
en us a nice clean system here,Ó Harms
comments.

Alas, the search for black holes still
fundamentally relies on indirect clues.
Even the repaired Hubble cannot re-
solve the black hole itself; the hole

SCIENCE AND THE CITIZEN
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ROTATING DISK at the heart of the galaxy M87 was discovered using the Hubble
Space Telescope. The hot gas probably orbits an unseen black hole at the center. 
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Darling Clementine?
NASA-DOD tension may orphan
the little probe that could

C
lementine is a lightweight, low-
cost, high-tech spacecraft that
has produced the Þrst compre-

hensive look at the moon since the ter-
mination of the Apollo missions more
than 20 years ago. It is also a living ( if
limping) embodiment of the Òbetter,
faster, cheaperÓ mantra espoused by Na-
tional Aeronautics and Space Adminis-
tration head Daniel S. Goldin. So how is
it possible that Clementine may be both
the Þrst and last of its breed?

Part of the answer lies in the craftÕs
parentage. Clementine was built not by
NASA but by the BMDO (Ballistic Mis-
sile Defense OrganizationÑson of Star
Wars) as a test bed for such antimissile
technology as target acquisition and
tracking equipment. At the same time,

however, it was designed to produce
scientiÞc results useful to the civilian
community.

Researchers involved with Clemen-

tine sound uniformly thrilled by the ex-
perience of working with the Depart-
ment of Defense. Paul Spudis of the Lu-
nar and Planetary Institute in Houston
relates that planners at the BMDO Òhave
bent over backward to accommodate
every scientiÞc request.Ó Eugene Shoe-
maker of the U.S. Geologic Survey, who
led the Clementine scientiÞc team, also
praises the eÛcient manner in which
the spacecraft was built and managed.
BMDO claims that it completed Clemen-

tine in two years at a cost of $75 mil-
lion; both Þgures are a small fraction
of those typical for NASA probes.

The outpouring of aÝection becomes
even more apparent when Clementine

scientists describe the missionÕs results.
ÒThe data from the moon are fantasti-
cally great,Ó Spudis exults. ClementineÕs
most signiÞcant product is a digital map
of the moon made at 11 separate wave-
lengths. Planetary scientists will be able
to correlate the colors of the lunar sur-
face seen on that map with studies of
lunar samples returned by the Apollo
missions. The product will be a vastly
improved understanding of the distri-
bution of rock types and, by extension,
the geologic evolution of the moon.

Clementine also conducted detailed
studies of the moonÕs topography and
gravitational Þeld. David E. Smith of the
NASA Goddard Space Flight Center re-
ports that the range of elevations on
the moon is much greater than scien-
tists had realized. In particular, Clemen-

tine has revealed the surprising extent
of the Aitken Basin near the south pole
on the lunar farside. This basin, which
averages 14 kilometers deep across a
quarter of the moonÕs circumference, is

one of the largest formations of its type
in the solar system.

Cost and weight considerations lead
to scientiÞc trade-oÝs. For example,
Clementine lacks a gamma-ray spectrom-
eter, which could have searched for ice
lining the shadowed craters at the
moonÕs south pole. And the scientiÞc
part of the mission received a blow on
May 7, when a software glitch sent Clem-

entine into a spin. That accident scuttled
the most exciting item on the space-
craftÕs agenda: a close encounter with
the asteroid Geographos, one of the
small rocky bodies whose orbits carry
them perilously near the earth.

Stewart Nozette of the BMDO, who is
the Clementine mission manager, claims
that workers have identiÞed the bug 
in the software and that Þxes are in 
the works. Such mishaps are endemic
among complicated robotic probes (re-
call the recent loss of the Mars Observ-

er and the stuck antenna on Galileo).
But Clementine has cost less than one
tenth as much as those missions.

Will the Clementine concept over-
come its political hurdles? NASA seems
uncomfortable about embracing a proj-
ect whose technology and can-do spirit
come from the dark side. At the same
time, the BMDO has distanced itself
from the mission, leaving Clementine a
bit of an orphan.

But a funding crunch looming in 1995
intensiÞes the long-simmering sense that
NASA must radically change course if
space science is to survive. Shoemaker
judges Clementine to be Òthe wave of
the future.Ó Nozette acknowledges the
Òage-old rivalry between NASA and DODÓ
but sees an even deeper historical
bond. ÒThis is like old-style, 19th-cen-
tury research,Ó he reßects. ÒItÕs like
Captain Cook taking the astronomers
with him.Ó ÑCorey S. Powell
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PERMANENTLY SHADOWED CRATERS at the lunar south pole, seen in this mosaic
view from Clementine, may contain hidden deposits of ice.

should measure about Þve billion kilo-
meters in radius, 1/100,000th the size
of the part of the disk seen by Hubble.

But the small size and rapid motion of
the disk eÝectively rule out just about
any object except for a black hole. For
instance, some devilÕs advocates have
proposed that the concentrations of
mass at the centers of some galaxies
could be tightly bound clusters of faint,
dense neutron stars or white dwarf
stars; given the new observations of
M87, ÒI donÕt think thatÕs plausible any-
more,Ó Harms says.

Harms and his colleagues plan a fol-
low-up Hubble session to determine ve-
locities deeper in the disk, which should
yield a nearly airtight case for the black
hole. Astronomers can then ponder
whether the seemingly exotic monster
black holes are really a rather ordinary
result of the way galaxies form. Rees,
for instance, argues that massive black
holes probably developed routinely dur-
ing the process in which vast gas clouds
gathered together into galaxies in the
early universe, billions of years ago.
ÒThis has been fun, but I wouldnÕt mind
seeing a second black hole,Ó Harms
laughs. ÒItÕs pretty hard to generalize
from just a sample of one.Ó

So will the black hole hunt never end?
ÒThe public doesnÕt understand what 
a human enterprise science is,Ó Lauer
muses. ÒItÕs like following Columbo on
the chase. ThatÕs where the real excite-
ment is.Ó Black holes, well-camoußaged
monsters that they are, will be keeping
astronomers entertained for quite some
time to come. ÑCorey S. Powell
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RadonÕs Risks
Is the EPA exaggerating the 
dangers of this ubiquitous gas?

T
his very moment you are breath-
ing radon, a naturally occurring
gas generated by the decay of

trace amounts of uranium found
throughout the earthÕs crust. Should
you be concerned? The Environmental
Protection Agency thinks so. The agen-
cy has declared that Þve million or so
of the nationÕs 80 million homes may
have indoor radon levels that pose an
unacceptably high risk of lung cancer
to occupants.

The EPA has recommended that all
homes be tested for radon and that
they be structurally altered to reduce
exposure should levels exceed a certain
threshold established by the agency.
Some scientists have challenged the
EPAÕs recommendations, which could
cost homeowners and landlords more
than $50 billion if carried out. Critics
claim that scientific data gathered to
date do not support the EPAÕs estimates
of the health risks from radon.

This issue can be traced to studies
done decades ago showing that radon
might be responsible for unusually high
rates of cancer suffered by minersÑ
particularly uranium miners. Whereas
outdoor radon levels generally measure
less than 0.5 picocurie per liter (pCi/L)
of air, miners were often exposed to
levels hundreds or even thousands of
times higher. (A picocurie is a trillionth
of a curie, which is the amount of radio-
activity emitted by a gram of radium.)

Some 15 years ago tests revealed that
radon seeping into homes and other
buildings through fissures in founda-
tions often accumulates to levels con-
siderably higher than those measured
outdoors. Only after the discovery in
the mid-1980s of homes with levels as
high as 1,000 pCi/L did the EPA take ac-
tion. It based its policy on the contro-
versial assumption that any amount of
radiation exposure poses some risk and
that the risk-exposure ratio is linear.
That is, if long-term exposure to 100
pCi/L of radon in a mine increases the
risk of lung cancer by 50 percent, then
exposure to 10 pCi/L in a home increas-
es the cancer risk by 5 percent, all oth-
er factors being equal.

The EPA now estimates that indoor ra-
don causes between 7,000 and 30,000
of the 130,000 deaths from lung cancer
a year in the U.S., making it second only
to smoking as the leading cause of lung
cancer. The agency contends that some
15 percent of these deaths could be
avoided by reducing radon levels in the

Þve million homes thought to have lev-
els above 4 pCi/L.

Congress takes these claims seriously.
A bill in the House of Representatives
would require contractors in designat-
ed high-radon areas, which encompass
roughly one third of the nationÕs coun-
ties [see map above], to follow new EPA

guidelines for reducing radon. Such mea-
sures include installing pipes in the
foundations of houses to route the gas
outdoors. In addition, sellers of homes
throughout the U.S. would have to pro-
vide buyers with EPA literature on radon
and with the results of any previous
radon tests. Every contract of sale would
also warn buyers: ÒThe U.S. Surgeon
General has determined that prolonged
exposure to radon can be a serious
health hazard.Ó

The EPAÕs position was bolstered this
past January by a paper published in
the New England Journal of Medicine. 

A team of Swedish workers compared
1,360 Swedish men and women who
had cancer with a group of controls. The
workers concluded that Òresidential ex-
posure to radon is an important cause
of lung cancer in the general population.
The risks appear consistent with earlier
estimates based on data in miners.Ó

But other recent studies, while involv-
ing fewer subjects, have failed to cor-
roborate this conclusion. A group led by
Ernest G. L�tourneau of the Radiation
Protection Bureau of Health Canada
measured radon levels in the homes of
738 lung cancer victims and an equal
number of control subjects in Winnipeg,

Manitoba. The average radon exposure
of the cancer victims was slightly less

than the exposure that the controls 
experienced.

An examination by a group from the
University of Kansas School of Medicine
of women living in 20 counties in Iowa
corroborated previous evidence that
radon may hasten the onset of lung
cancer in smokers but does not pose a
threat to nonsmokers. In Health Phys-

ics, the Kansas investigators reported a
correlation between radon and risk of
lung cancer in counties with high smok-
ing rates. Counties with low rates of
smoking showed an inverse relation be-
tween radon and cancer.

Finally, a study headed by Jay H. Lubin
of the National Cancer Institute, pub-
lished this year in Cancer Causes and
Control, compared 966 women with lung
cancer in Sweden, China and New Jer-
sey with 1,158 controls. The workers
found a slight but statistically insignifi-
cant correlation between radon and
cancer. Asked if the studies done so far
justify the EPAÕs 4 pCi/L threshold, Lu-
bin declines to offer his personal opin-
ion. But he says virtually all researchers
would agree that levels above 20 pCi/L
represent a genuine threat. That is the
maximum amount of exposure to radi-
ation now allowed by U.S. regulations.

Margo T. Oge, director of the EPAÕs Of-
fice of Radiation and Indoor Air, notes
that over a dozen more radon studies
are under way, and the EPA has asked
the National Academy of Sciences to do
a meta-analysis of available data. ÒWe

AVERAGE INDOOR RADON levels of U.S. counties are estimated in this EPA map.
Although the mapÕs calculations are tentative, a bill before Congress requires EPA-
approved radon-reduction measures in all new buildings in high-radon (brown) zones.
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obviously want to put forward an ob-
jective point of view,Ó Oge says. Yet she
insists that the EPAÕs 4 pCi/L Òaction
levelÓ is justified. The EPAÕs estimate of
radonÕs risks, she asserts, stems from
research on animals as well as epidemi-
ological studies, and it is supported by
the Centers for Disease Control, the
surgeon general, the American Medical
Association and other groups.

But these agencies fell in behind the
EPA for political rather than scientiÞc
reasons, asserts Leonard A. Cole, a po-
litical scientist at Rutgers University.
Cole is the author of Element of Risk:

The Politics of Radon, a scathing critique
of federal radon policy published last
year. Cole suggests that the Reagan ad-
ministration seized on the radon issue
in the mid-1980s to counter its anti-
environment image. The issue suited Re-
publicans, he contends, because home-
ownersÑrather than government or
businessÑwould bear the costs of fight-
ing the threat. ÒRepublican conservatives
ran with this, and since then itÕs been
picked up by Democrats,Ó Cole says.

One of the most prominent critics of
the EPAÕs handling of the radon issue is
Anthony V. Nero, Jr., a pollution expert
at Lawrence Berkeley Laboratory. Nero
thinks all the data justify a policy that
focuses on homes with levels of 20
pCi/L or above. By adopting such a
stance, he argues, the EPA would reduce
the number of homes targeted for re-
mediation from over five million to per-
haps 50,000 and thereby make it more
likely that the job would be carried out.

Nero accuses the EPA of making
Òhighly misleadingÓ statements about
the dangers of radon. A pamphlet equat-
ing radon levels of 4 pCi/L to smoking
half a pack of cigarettes a day is Òjust
wrong,Ó Nero says, adding that the sta-
tistic applies only to those who already
smoke one and a half packs a day. Al-
though EPA officials state that they no
longer distribute the pamphlet, Nero
contends that such exaggerations con-
tinue to circulate in public and on the
floor of Congress.

Nero also faults EPA officials such as
Oge for comparing the EPAÕs recom-
mended radon limit with its limit on ra-
diation releases by nuclear power plants,
which is some 80 times lower. It is com-
pletely appropriate, he points out, to set
much stricter limits on industrial emis-
sions than on a naturally occurring gas.
Nero fears that by overstating its case,
the EPA may trigger a backlash of skep-
ticism and cause people to think, mis-
takenly, that no levels of radon pose a
risk. The agency is Òrunning backward
very fast,Ó he says, Òinstead of moving
forward on the more pressing problem
of very high levels.Ó ÑJohn Horgan
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Diversity Blues
Oceanic biodiversity wanes
as scientists ponder solutions

T
he evidence is everywhere. Popu-
lations of Þsh and shellÞsh, of
corals and mollusks, of lowly

ocean worms, are plummeting. Toxic
tides, coastal development and pollu-
tant runoÝ are increasing in frequency
and dimension as the human popula-
tion expands. The oceansÑnear shore
and in the abyssal deepÑmay be reach-
ing a state of ecological crisis, but, for
the public, what is out of sight is out 
of mind. ÒThe oceans are in a lot more
trouble than is commonly appreciated,Ó
rues Jane Lubchenco of Oregon State
University. ÒThere is great urgency.Ó

To remedy this situation, marine sci-
entists recently gathered in Irvine, Calif.,
to devise a national research strategy
to protect and explore marine biodiver-
sity. Although the variety of organisms
found in the oceans is thought to rival
or exceed that of terrestrial ecosystems,
there is no large-scale conservation ef-
fort designed to protect these creatures.
Indeed, there is no large-scale eÝort
even to understand the diversity found
in saltwater regions.

The National Research Council meet-
ing attendees Þrst set about establish-
ing their ignorance: the system they
study remains, in large part, a mystery.
Several years ago, for instance, J. Fred-
erick Grassle of Rutgers University re-
ported that previous estimates of the
number of organisms thriving on the
deep-sea ßoor were probably too low.
In analyzing sediment from an area 
oÝ the coasts of Delaware and New Jer-
sey, Grassle found 707 species of poly-
chaetes, or worms, and 426 species of
crustaceans. All these creatures were
harvested in samples taken from boxes
that measured only 30 centimeters per
side and 10 centimeters in depth. Earli-
er studies had suggested a total of a
mere 273 species of polychaetes.

As researchers at the Irvine meeting
emphasized repeatedly, even the diver-
sity of areas that have been exhaustive-
ly studied is not fully appreciated. New
Þndings about star coral, or Montas-
traea annularis, oÝer a dramatic exam-
ple. This organism Òis sort of a lab rat
of corals,Ó explains Nancy Knowlton of
the Smithsonian Tropical Research In-
stitute in Panama. ÒIt is an extremely in-
tensively studied coral.Ó Knowlton and
her colleagues have discovered that this
single species of coral is, in fact, three
species in shallow waters. (There may
be even more species in the star corals
that inhabit deeper water.) These vari-
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ous species have also been found to be
adapted to diÝerent depths.

Knowing that diversity is out there,
however, has not yet allowed marine
researchers to make a stab at species
numbersÑsomething their peers on
land have been able to do to galvanize
public action. ÒWe are not close to mak-
ing an estimate,Ó Knowlton acknowl-
edges. ÒEven a seat-of-the-pants guess
might be oÝ by an order of magnitude.Ó

Identifying threats to the oceans
was less tricky. Although the usual sus-
pects were in the lineupÑincluding oil
spills, the destruction of estuaries, tox-
ic dumping and the introduction of non-
indigenous species that outcompete the
localsÑconference attendees deemed
Þshing the greatest danger to marine
biodiversity. ÒI was pretty surprised. The
impacts of fishing have been at the top
of my list for years,Ó says Les Watling
of the Darling Marine Center at the Uni-
versity of Maine. ÒBut I thought there
was not such a big awareness of that.
The biggest problems are usually seen
as pollutants or eutrophication.Ó (Eutro-
phication is caused by excess nutrients
from such chemicals as fertilizers and
can lead to algal blooms.)

Nevertheless, reports about the global
decline of Þsheries keep coming in. As
Carl SaÞna of the National Audubon
Society outlined in a recent article in Is-
sues in Science and Technology, catches
of groupers and snappers fell by 80
percent during the 1980s, and the pop-
ulation of swordÞsh in the Atlantic
Ocean has fallen by 50 percent since
the 1970s.

In addition to the depletion of ÞshÑ

which may have far-reaching but little
understood ecological eÝectsÑÞshing
often wipes out habitat. By trawling on
the seaßoor, vessels disrupt bottom
communities or coral reefs. Watling cites
the destruction of sponges in the Gulf
of Maine as one example. Last seen 
in 1987 on a videotape taken from a 
submarine, Òthe sponges are gone. They
have been ground oÝ the rocks,Ó Wat-
ling states. These sponges may be im-
portant nursery habitats for species
such as codÑof course, that possibility
reveals another marine unknown. ÒThe
real problem is that we do not know
anything about the Þrst year of life in
cod,Ó Watling warns.

A crisis in taxonomy also worried the
scientists. Every researcher had a com-
plaint about years going by before he
or she could get someone to identify an
alga, about seminal papers misidenti-
fying creatures, about graduate students
receiving no training in taxonomy. With-
out good taxonomy, trying to identify
and protect diversity becomes moot.

Beyond the challenge of identifying
species correctly lies the challenge of
understanding their interactions. If ma-
rine biology is going to help policymak-
ers, it has to be at least somewhat pre-
dictive. Even if the eÝects of climatic
change on a certain species are under-
stood, for example, the implications for
the entire ecosystem may be obscure.
Unpublished studies by Lubchenco
about increases in water temperature
caused by a power plant in Diablo Cove,
Calif., illustrate just this problem. ÒYou
could not have predicted the changes
that occurred based on a knowledge of

the individual speciesÕ sensitivity to wa-
ter temperature,Ó Lubchenco explains.
ÒWhat is going on is greater than the
individual response.Ó

Getting the scientiÞc community to
voice concern about the threat to ocean-
ic ecology was the Þrst step, according
to conference chairs Cheryl Ann But-
man of the Woods Hole Oceanographic
Institution and James T. Carlton of Wil-
liams College and Mystic Seaport. De-
signing a research program that will
address the issue and receive funding
from Congress is the next task at hand.

The most diÛcult hurdle may be cat-
alyzing public awareness before the
marine environment is altered beyond
the point of no return. As Butman and
Carlton describe, hunting whales may
already have altered the oceans irrevo-
cably. Because deep-sea organisms rely
on food falling from the surface, large
carcasses of whales may have been one
of the major sources of nutrients for
the bottom of the food chain. The sul-
fur-rich bones of whales may have pro-
vided stepping-stones for sulfur bac-
teria and other organisms as they moved
from hydrothermal vent to vent. Fewer
sinking cetaceans may have had impor-
tant impacts on deep-sea processes.

ÒUnfortunately, the question is virtu-
ally impossible to answer now,Ó But-
man comments. ÒBut it certainly would
be irresponsible of us to put ourselves
in a position like this againÑthat is, a
position where we embark on a dramat-
ic alteration of species diversity, which
is what the whaling industry repre-
sentsÑwithout evaluating the ecological
consequences.Ó ÑMarguerite Holloway
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HUMPBACK WHALES may provide crucial nutrients to ocean-
bottom dwellers by sinking to the seaßoor after they die. By se-

verely limiting this food supply, the extensive hunting of whales
may have already irreversibly altered the marine ecosystem.
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The Riddle of [URE3]
The humble yeast cell hints 
at novel forms of heredity

A
venerable biological mystery has 
taken a new twist. For several 
decades, researchers and clini-

cians have been intrigued by a family
of fatal central nervous system disor-
ders of humans and other mammals in
which the brain degenerates. The dis-
easesÑamong them kuru, Creutzfeld-
Jakob disease and bovine spongiform
encephalopathy (Òmad cow diseaseÓ)Ñ
are notable for the fact that they are
not caused by ordinary infectious agents
such as bacteria or viruses, whose ge-
netic material consists of DNA or RNA.
Work by Stanley B. Prusiner of the Uni-
versity of California at San Francisco
and others strongly suggests that the
agent, which is called a prion, consists
of an aberrant form of a normal pro-
tein and includes no genetic material.
When transmitted from another animal
or produced spontaneously because of
a prior mutation, it triggers the normal
form to switch to the prion structure,
thus initiating a runaway process that
kills aÝected cells.

Prions have generally been consid-
ered a bizarre and isolated curiosity.
Now Reed B. Wickner, a researcher at
the National Institute for Diabetes, Kid-
ney Disease and Digestive Disorders,
has found evidence that prions have an
analogue in yeast. WicknerÕs research,
published in April in Science, focuses
on a metabolic peculiarity that some
mutations confer on yeast cells. The
anomaly is the ability to feed on a chem-
ical called ureidosuccinate. The muta-
tions conferring this trait can be indi-
vidually distinguished by the way they
are passed on to oÝspring in experi-
ments that cross cells of diÝerent types.

Most mutations that confer the abili-
ty to use ureidosuccinate have patterns
of inheritance typical of mutations in
genes on chromosomes. But oneÑ
[URE3]Ñis passed between individuals
in ways that cannot be explained by
what is known about how genes work.
[URE3] is passed on to more oÝspring
than a normal mutation should be when
cells are crossed. It can be transmitted
when cells exchange cytoplasm but not
chromosomes. And a simple chemical
treatment can reversibly ÒcureÓ [URE3],
thus eliminating the cellsÕ ability to use
ureidosuccinate.

Somewhat similar strange patterns
of inheritance can arise when mutations
occur in DNA or RNA that replicates
separately from the chromosomes. Yet
this explanation does not apply to
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Anti-omniscience
An eclectic gang of thinkers
pushes at knowledgeÕs limits

T
he Danish physicist and poet Piet
Hein once wrote: ÒKnowing what/
thou knowest not/is, in a sense,/

omniscience.Ó The hope that science
might achieve a kind of anti-omniscience
drew together 20 thinkers, including

mathematicians, physicists, biologists
and economists, for a workshop on Òthe
limits of scientiÞc knowledgeÓ held at
the Santa Fe Institute.

ÒCan we prove there are limits to sci-
ence?Ó asks Joseph F. Traub, a comput-
er scientist at Columbia University, who
is one of the meetingÕs organizers. Math-
ematics has had some success in delin-
eating its own boundaries, Traub re-
marks. The most dramatic example was
Kurt G�delÕs demonstration in the 1930s
that all moderately complex mathemat-
ical systems are ÒincompleteÓ; that is,
they give rise to statements that can be
neither proved nor disproved with the
axioms of the system.

Gregory J. Chaitin, a mathematician
at the IBM Thomas J. Watson Research
Center, sees darker implications in G�-
delÕs theorem. He notes that this insight
has been followed by similar ones, no-
tably ChaitinÕs own Þnding that mathe-
matics is riddled with truths that have
no logical, causal basis but are simply
Òrandom.Ó As a result of these diÛcul-
ties, he says, mathematics may become
an increasingly empirical, experimental
endeavor with less of a claim to abso-
lute truth.

Other mathematicians Þnd ChaitinÕs
pessimism excessive. The hurdles iden-
tiÞed by G�del and others, declares
Francisco A. Doria of the Federal Univer-
sity at Rio de Janeiro, can enrich math-
ematics. Doria suggests, for example,
that at each point where an unprovable,
or Òundecidable,Ó proposition obstructs
them, mathematicians might simply
make an arbitrary presumption about
its truth or falsity to see whether fruit-
ful results follow.

In fact, G�del himself did not think
his theorem posed any special barrier
to knowledge, comments John Casti, a
mathematician at the Santa Fe Institute
and the workshopÕs other organizer.
Casti believes mathematicians might
avoid the G�del problem by employing
systems so simple that they do not
suÝer from incompleteness. He also
expresses the hope that G�delÕs theo-
rem might turn out to be Òa red her-
ringÓ when it comes to natural science.

Others demur. Robert Rosen, a bio-
physicist at Dalhousie University in Hal-
ifax, contends that the Òpreternatural
diÛcultyÓ biologists have had in arriv-
ing at a precise deÞnition of life is re-
lated to the incompleteness concept.
The incompleteness results are not just
Òintellectual curiosities,Ó he insists. ÒI
think it is in biology that you will see
the true impact of these ideas.Ó

Then there is the trap of the inÞnite
regress. W. Brian Arthur, an economist
who divides his time between Stanford
University and Santa Fe, notes that in
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[URE3], according to Wickner. The cru-
cial clue to [URE3]Õs nature, he says, is
an observation that was originally made
more than 20 years ago by Fran�ois
Lacroute of the Center of Molecular Ge-
netics at Gif-sur-Yvette, France. Wickner
has conÞrmed and extended that work.
[URE3] can exist in a cell only if a protein
called Ure2p, the product of a known
gene, is present. If a cross is produced
that lacks Ure2p, the [URE3] trait can-
not appear in that cell. And a cell that
lacks Ure2p has the ability to metabo-
lize ureidosuccinate.

WicknerÕs explanation of this peculiar
set of facts is that [URE3] is not really 
a mutation at all but rather the mani-
festation of cells that contain a variant
form of the Ure2p protein. Normal
Ure2p prevents uptake of ureidosucci-
nate, which is why cells lacking Ure2p
can utilize the chemical. Wickner pro-
poses that the variant form of Ure2pÑ
which appears to the experimenter as
the [URE3] traitÑalso fails to prevent
metabolism of ureidosuccinate, which is
why cells carrying the [URE3] trait can
digest the chemical. In cells that initially
contain some normal Ure2p and some
of the abnormal form, the abnormal var-
iant quickly converts all the cellÕs Ure2p
into copies of itself, just as prion pro-
tein can convert its normal counterpart
into more prion protein.

Prusiner notes that Wickner Òhas not
done any experiments that prove itÕs a
proteinÓ that transmits the [URE3] trait.
Even so, Prusiner is interested enough
to have started studying the biochem-
istry of [URE3]. Wickner, for his part, is
pressing ahead with attempts to prove
that the [URE3] trait is indeed transmit-
ted by a protein. Already he suspects
that a second genetic system in yeast,
[PSI], may follow the same pattern.

This latest turn in the prion story is
unlikely to dethrone DNA and RNA as
lifeÕs principal bearers of genetic infor-
mation, Wickner acknowledges. Still, the
apparent occurrence of protein-based
inheritance in yeast raises the question
of whether such mechanisms play a
bigger role in life and death than has
generally been believed.ÑTim Beardsley
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trying to predict how the stock market
will perform, an investor must guess
how other investors will guess about
how still others will investÑand so on.
Economics is an intrinsically subjec-
tiveÑand hence unpredictableÑenter-
prise, Arthur concludes.

Just because some aspects of a sys-
tem are unpredictable, however, does
not mean all aspects are, points out Lee
Segel, a mathematician at the Weizmann
Institute of Science in Israel. Although
scientists cannot track the path of a
single particle of air passing over a
wing, they can calculate the pressure
that the ßow of air exerts on the wing,
which amounts to much more useful
information. ÒBefore saying a problem
will defeat us, we have to consider oth-
er approaches,Ó Segel says.

Piet Hut, an astrophysicist at the In-
stitute for Advanced Study in Prince-
ton, N.J., oÝers a success story of this
kind. He notes that one of the most dif-
ficult problems in astronomy, the N-
body problem, involves predicting how
three or more objects moving in one
anotherÕs gravitational Þelds will be-
have over time. Hut and other investi-
gators have sidestepped the issue by
developing potent statistical methods
for calculating the eÝect of the gravita-
tional interactions of billions of stars
within galaxies.

The history of computation also sug-
gests that many perceived limits may
be illusory, according to Rolf Landauer,
a physicist at the IBM Watson center.
For example, constraints once thought
to be imposed on computation by the
second law of thermodynamics or quan-
tum mechanics have been shown to be
spurious. The most immediate barriers
to further advances in computation may
be Þnancial, Landauer says.

Even if our computers and mathemat-
ical tools continue to improve, cautions
Roger N. Shepard, a psychologist at
Stanford, we may not understand the
world any better. If neuroscientists con-
struct a computer powerful enough to
simulate a human mind, they may sim-
ply substitute one mystery for another.
ÒWe may be headed toward a situation
where knowledge is too complicated to
understand,Ó Shepard says.

The structure of the physical universe
may represent the ultimate limit on hu-
man knowledge, according to Hut. Par-
ticle physicists may never be able to
test theories that unify gravity and the
other forces of nature because the pre-
dicted eÝects become apparent only at
energies beyond the range of any con-
ceivable experiment. Moreover, cosmol-
ogists can never know what, if anything,
preceded the universeÕs birth.

One participant pleased by all this
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rumination is Ralph E. Gomory, the for-
mer director of research for IBM who is
now president of the Alfred P. Sloan
Foundation in New York City, which
sponsored the Santa Fe meeting. Go-
mory says he has long felt that the ed-
ucational system places too little em-
phasis on what is unknown or even 

unknowable. To remedy the situation,
the Sloan Foundation may initiate a pro-
gram on the limits of knowledge.

Gomory also has a suggestion for
mitigating scienceÕs task: make the
world more artiÞcial. ArtiÞcial systems,
Gomory states, tend to be more predict-
able than natural ones. For example, to

simplify weather forecasting, engineers
might encase the earth in a transparent
dome. Everyone sitting around the table
stares at Gomory, whose expression re-
mains deadpan. Then Traub remarks,
ÒI think what Ralph is saying is that itÕs
easier to create the future than to pre-
dict it.Ó ÑJohn Horgan
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Ever since physicists discovered the massless neutri-
no—the “little neutral one”—they have wondered if this

elusive particle might not in reality have some slight mass.
Because neutrinos exist in great numbers in the universe,
even a small mass could provide the “dark matter” that
cosmologists believe makes up most of the substance of
the cosmos. Having a mass, neutrinos might also be able
to change into neutrinos of other types, by a process called
an oscillation.

A particle detector at Los Alamos National Laboratory
has captured eight events that could be the first direct
sightings of neutrino oscillations. If verified, the observa-
tions will prove as well that neutrinos have mass. “It’s too
good to be true,” said Baha A. Balantekin of the University
of Wisconsin on viewing the data at a June conference.

Apparently the researchers agree. The Liquid Scintillator
Neutrino Detector (LSND) experiment has the world’s high-
est sensitivity to neutrino changes. But those involved are
not making explicit claims. “We feel we have a high burden
of proof,” explains group leader D. Hywel White, “because if
it’s real, it’s very important.” Moreover, earlier reports of
neutrino oscillations have themselves oscillated away.

Neutrinos come in three types: the electron neutrino,
the muon neutrino and the tau neutrino. Why would the
ability of neutrinos (or antineutrinos) to change from one
kind to another indicate that the particles have mass?
Mass determines the rate at which the wave function of a
particle vibrates. If the waves of two neutrinos of different
masses mingle, they beat against each other much like
sound waves of different pitch. Then we sometimes see

one neutrino, sometimes the other. If neutrinos had no
mass, their waves would have the same frequency and
would not be able to beat at all.

Such fleeting events as neutrino oscillations are not easy
to observe. In the LSND experiment, a beam of protons
from an accelerator is shot into a water target. Many of
the particles produced in the subsequent collisions are ab-
sorbed in the shielding around this “beam dump.” But an
occasional muon antineutrino escapes, flying for 30 me-
ters to a detector filled with baby oil. On the way the par-
ticle might change into an electron antineutrino. 

The electron antineutrino interacts with a proton in the
oil, giving off a positron and a neutron. After some time,
the neutron binds with another proton, yielding two pho-
tons with a characteristic total energy. The positron’s bright
track and the photons are observed by phototubes lining
the oil tank. To avoid contamination from other particles
that might have sneaked by the shielding, the experiment-
ers look for positrons within a specific range of energy.

As of June, the experiment had run for a month and a
half. The small number of electron antineutrinos observed
suggests that muon antineutrinos convert only slightly to
the former; their mixing strength is about 1 percent. The
experimenters do not quote a mass difference. But the 30
meters over which the muon antineutrino can change its
type means that the apparatus is sensitive to mass differ-
ences of a little less than an electron volt. This mass dif-
ference implies a large neutrino mass.

Although the result could help solve the dark matter
problem, it contributes nothing to the solution of another
major puzzle that physicists are currently enjoying: the
solar neutrino problem. The number of electron neutrinos
coming from the sun is less than half the number that the-
ory predicts. The deficit might be explained by presuming
that the particles change to muon neutrinos and therefore
escape detection. But if neutrinos change type over a dis-
tance of 30 meters, as in this experiment, the oscillations
would average out over the 92 million miles that separates
the sun from the earth. No deficit would be observed. The
new findings may, however, illuminate the lack of muon
neutrinos in cosmic rays reaching the earth’s surface, a
mystery dubbed the “atmospheric” neutrino problem.

Early in August the LSND experiment will start running
again and will take data for three more months. Despite
the precarious state of finances at Los Alamos National
Laboratory, White is hopeful that the experiment can con-
tinue for at least another year. Already, one observer re-
marked, the neutrino oscillations “look at least as real as
the top quark,” evidence for which was announced in
March at Fermi National Accelerator Laboratory in Batavia,
Ill. Both groups are currently walking a thin line between
presenting suggestive data and making a claim. The team
at Los Alamos should be able to verify—or otherwise—
their nonclaim much sooner. —Madhusree Mukerjee

Missing Matter Found?

NEUTRINOS may have been caught in the act of changing
by the phototubes lining this detector, shown without ßuid.
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I
n 1859 Darwin published his theo-
ry of common descent through nat-
ural selection. I donÕt think there has

ever been a set of theories so heavily
attacked or that has had so many alter-
native theories to face,Ó exults Ernst
Mayr. ÒLook at it now. It stands there,
not a dent in it.Ó

The Alexander Agassiz Professor of
Zoology, Emeritus, of Harvard Univer-
sity might just as well be speaking about
himself. Mayr is the unscathed survivor
of a lifetimeÕs battles over evolution. If
Charles DarwinÕs work is intact, no small
part of the credit belongs to Mayr, who
has probably done as much as
anyone to advance evolutionary
theory and to entrench it at the
core of all biological thought.

ÒCertainly, Ernst Mayr is a lead-
ing biologist of the mid- to late
20th century,Ó remarks science
historian John C. Greene of the
University of Connecticut, who or-
ganized a symposium celebrating
Mayr last year. ÒHeÕs one of the
founders of modern neo-Darwin-
ism and has restored natural se-
lection to a central place in the
theory of evolution.Ó

In his passion for evolution,
Mayr is reminiscent of the 19th-
century scientist Thomas H. Hux-
ley, remembered as ÒDarwinÕs
bulldogÓ for his championing of
the naturalistÕs views. Is Mayr
DarwinÕs new bulldog? ÒYes, very
much more so than Huxley, in a
way,Ó Mayr says without hesita-
tion. ÒHuxley did not believe in
natural selection.Ó

At the age of 90, Mayr remains
a dynamo. Every morning he vis-
its his cool green oÛce under the
eaves of HarvardÕs Museum of Compar-
ative Zoology, a neatly dressed, gray-
haired Þgure walking without beneÞt
of cane. His vitality strips at least a de-
cade oÝ his appearance. ÒI admired my-
self a couple of days ago,Ó he chuckles.
ÒI am in between with getting house-
hold help, and I noticed that the kitchen
ßoor was very dirty. So I got a bucket,
and I washed it.Ó

He is the author of 20 books (so
far)Ñnine of which appeared after his
65th birthday. Among them are The

Growth of Biological Thought, a monu-

mental overview of his ÞeldÕs develop-
ment, and One Long Argument, a pop-
ular account of DarwinÕs ideas. The
number of MayrÕs published papers
stands somewhere around 650 (and
counting). In recent years, he has also
commented on overpopulation, the loss
of biodiversity and the search for ex-
traterrestrial intelligence.

Mayr has been a leader in ornitholo-
gy, systematics, evolutionary biology
and both the history and philosophy of
biology. ÒAnd I have received world-
class distinctions in all of them,Ó he
adds. They include the National Medal

of Science, the Balzan Prize (the highest
honor in evolutionary biology) and the
Sarton Medal (the highest honor in the
history of science). At the International
Ornithological Congress in 1986, he was
declared the preeminent bird research-
er of our time. He holds 11 honorary
degrees and membership in 45 academ-
ic societies around the world.

About the only great prize he hasnÕt
won is the Nobel, which recognizes
practical research but not MayrÕs spe-
cialty, conceptual advances. ÒI believe
that in biological science, the concepts

are the crucial thing,Ó he observes. The
lack of a Nobel does not seem to both-
er him. ÒI have always said that if there
were a Nobel Prize for BiologyÑwhich
there isnÕt, because Nobel was an engi-
neer and too ignorant about biology!Ñ
if there were such an award, Darwin
could never have received it for evolu-
tion through natural selection, because
that was a concept, not a discovery!Ó

Part of MayrÕs personal charm is that
he can somehow make such blunt state-
ments without sounding arrogant or
malicious. Even his scientiÞc adversar-
ies, whom he attacks without quarter,
seem to forgive him. ÒOh, IÕm Þerce, be-
cause I donÕt give in, you know?Ó Mayr
says. ÒBut with all my opponentsÑthere

are maybe one or two excep-
tionsÑI am on very good terms.Ó

Mayr was born in Germany in
1904. Every weekend he and his
parents hiked, watched birds,
looked at the seasonÕs ßowers or
collected fossils in nearby quar-
ries. ÒAll my high school days, as
soon as I was done with my home-
work, I would be out with my bi-
cycle in a park or someplace,
bird-watching. That was the foun-
dation for my whole career.Ó

In 1923 Mayr spotted a rare
species of duck that had not been
seen in central Europe for 75
years. The publication of that dis-
covery allowed him to meet Ger-
manyÕs leading ornithologist, who
encouraged MayrÕs interests. Al-
though Mayr had been training
as a medical student, he eventu-
ally chose to be a naturalist in-
stead. In 1926 he graduated from
the University of Berlin with a
doctorate in zoology and became
an assistant curator for the uni-
versityÕs museum.

His career change had less to
do with purely scientiÞc zeal than with
a boyish love of adventure. ÒI was told,
ÔIf you become a naturalist, you can go
on expeditions,Õ and thatÕs really what I
wanted,Ó Mayr admits. Between 1928
and 1930 Mayr worked on ornithologi-
cal expeditions in New Guinea and the
Solomon Islands. ÒIn those days, New
Guinea was very wild country,Ó he re-
calls. ÒYou traveled into the interior for
one dayÕs walking, and you came to vil-
lages where no white man had ever been
before.Ó

While in New Guinea, Mayr noticed

PROFILE: ERNST MAYR

DarwinÕs Current Bulldog
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ERNST MAYR is evolutionÕs leading defender.
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that the natives recognized the same
species distinctions in the local birds
that Western naturalists did. That fact
convinced Mayr that species are real 
biological units and not arbitrary taxo-
nomic inventions. In addition, like Dar-
win in the Gal�pagos Islands, Mayr
found several populations of birds that
appeared to have become species be-
cause they were geographically isolated. 

Because of connections with U.S. sci-
entists that he had made in the Solo-
mon Islands, Mayr landed a job in New
York City in 1932 as a curator of the
bird collection at the American Muse-
um of Natural History. He began pub-
lishing voluminously and formulating
ideas about evolution.

Strange though it now sounds, the
young Mayr was not a follower of Dar-
win. Rather, like most other naturalists
of the day, he subscribed to Jean-Bap-
tiste LamarckÕs theory about the inheri-
tance of acquired characteristics. ÒAnd
that was very logical,Ó Mayr explains.
Mendelian genetics did not seem to sup-
port the possibility of gradual adaptive
changes, which Darwinism required. Ge-
neticists favored the idea that species
evolved suddenly through massive mu-
tations. ÒBut we naturalists realized that
species developed gradually. The only
evolutionary theory that was gradual
was Lamarckism, and so to oppose the
mutationists, we all became Lamarck-
ians.Ó During the 1930s, however, ge-
neticists started recognizing the evi-
dence for small mutations, and MayrÕs
reservations about the occurrence of
natural selection melted away.

MayrÕs work made him one of the ar-
chitects of the modern evolutionary 
synthesis, a select group that included
such giants as Theodosius Dobzhansky,
George Gaylord Simpson, G. L. Stebbins,
and Bernhard Rensch. During the 1930s
and 1940s, these biologists wedded Dar-
winÕs ideas about natural selection, pop-
ulation genetics and the Þeld studies of
naturalists into a cohesive explanation
for evolution.

MayrÕs Þrst major contribution to the
synthesis pulled together adaptation
and speciation. Previously, according to
Mayr, geneticists had concerned them-
selves with how natural selection might
adapt organisms to their environment;
naturalists had separately pondered
how and why species arose. No one had
united the problems. ÒI was going to
Þll that niche,Ó Mayr says. ÒDobzhan-
sky had already done it to some extent
in 1937 but only in a very tentative, pre-
liminary way. My 1942 book really Þlled
it pretty completely.Ó

In that book, Systematics and the Ori-

gin of Species, Mayr introduced the bio-
logical species concept, which deÞned

a species as a set of interbreeding pop-
ulations that is reproductively isolated
by behavior and physiology from other
groups. He also argued that new spe-
cies could evolve only through allopa-
tryÑthat is, through the geographical
separation of a population from the rest
of its kind. In 1954 he distinguished a
second form of geographical speciation,
peripatry, in which the founding popu-
lation of the isolated group is very small:
this circumstance has genetic ramiÞ-
cations that can sometimes accelerate
species divergence.

On both species and speciation, Mayr
maintains, he has been shown to be
correct many times over. Nevertheless,
critics have been legion, and Mayr has
spent much of the past Þve decades re-
butting them. All these opponents, he
believes, misunderstand and distort
what he, the other synthesists and Dar-
win said, then try to knock down those
straw men. ÒAll the attacks that I Þnd
are based on ignorance,Ó he declares.

For example, some naysayers claim
that fertile hybrid organisms, such as
wolf-coyote crosses, are living contra-
dictions of the biological species con-
cept. ÒThis argument is so misleading
that it pains me to have to refute it again
and again and again,Ó Mayr sighs. The
designation Òspecies,Ó he expounds, be-
longs to an entire population, not to in-
dividuals. The group survives even if in-
dividuals deviate from the groupÕs nor-
mal behavior. ÒHybrids are mistakes,Ó
he insists. ÒBut the isolating mecha-
nisms are good enough to prevent the
merging of the species.Ó Mayr shakes
his head in dismay. ÒTo me, this all
seems so obvious and so simple.Ó

Mayr has also strenuously argued
against what he sees as the unrealistic
simpliÞcations of geneticists. Deriding
their eÝorts as Òbeanbag genetics,Ó he
accuses them of trying to reduce evolu-
tion to a mere change in gene frequen-
cies, without considering how popula-
tions of organisms live. The eminent
geneticists R. A. Fisher and J.B.S. Hal-
dane, for example, had concluded that
large populations should evolve faster
than small ones because they had a
larger reservoir of genetic diversity. Yet
Mayr observed just the opposite. ÒThe
larger a species is, the slower it evolves.
It becomes evolutionarily inert,Ó Mayr

states. ÒMy conclusions were not based
on mathematics but on the simple mat-
ter of observation. And of course, the
observation won out, and the mathe-
matics turned out to be all wrong!Ó

For a time, the controversial theory
of punctuated equilibrium was being
trumpeted as a challenge to Darwinism.
During the 1970s, Niles Eldredge of Co-
lumbia University and Stephen Jay Gould
of Harvard pointed out that in the fos-
sil record, many species remain un-
changed for millions of years and then
undergo rapid evolution in the virtual
blink of an eye. But Mayr dismisses the
idea that this observation refutes the
synthesis as Òtotal rot,Ó Òa lead balloonÓ
and Òa red herring.Ó Not only are long
periods of evolutionary stasis compati-
ble with natural selection, Mayr says,
but Òthe whole theory was already indi-
cated in my 1954 paper.Ó

Mayr believes the existing framework
of the evolutionary synthesis is essen-
tially unshakable, although he does not
consider it complete. ÒThe synthesis up
to now has been rather coarse. There is
room for more fine-grained analysis,Ó
he reßects. The greatest advance, he
believes, will come from integrating the
synthesis with the information emerg-
ing about genes and their interactions,
particularly during development.

His unßagging productivity makes it
clear that Mayr fully intends to stay in
the thick of further work on evolutionÑ
and as many other subjects as he can.
ÒRight now I have probably about 15
papers in press,Ó he estimates. One of
them tackles the theory of philosopher
Thomas S. Kuhn about the nature of
scientiÞc revolutions. ÒMy paper shows
that KuhnÕs idea absolutely doesnÕt Þt
any scientiÞc revolution in biology,Ó
Mayr crows. A second article denounces
the search for extraterrestrial intelli-
gence, which Mayr regards as a colos-
sally foolish waste of money. ÒThis is
another case of physicists talking about
things they know nothing about,Ó he
says with amusement.

Those papers are only a warm-up for
MayrÕs bigger undertakings, however.
He is currently writing another book
with the modest tentative title of This 

Is Biology: The Science of the Living

World. ÒItÕs a sort of life history of the
science of biology,Ó Mayr explains, then
adds unnecessarily, ÒItÕs a very ambi-
tious project.Ó And when he is done
with that, he continues, ÒI plan to write
a very simple book on evolution for the
layperson.Ó

Is that all? ÒOh, I have several more
projects in mind for after that,Ó he
laughs. ÒI consider every publication a
stepping-stone to the next. Activity is
what keeps me going.Ó ÑJohn Rennie
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ÒHybrids are mistakes,Ó
the species expert says. 
ÒTo me, this all seems 
so obvious and so simple.Ó
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D
uring the spring of 1993, Iran
put the Þrst of its new Russian-
built Kilo-class submarines

through sea trials in the Persian Gulf.
Its presence raises the specter of an
Iranian attempt to close the Strait of
Hormuz, the narrow waterway through
which a fourth of the worldÕs oil now
passes.

Throughout the cold war, the U.S.
NavyÕs highest priority mission was to
engage Soviet nuclear-powered subma-
rines in a global game of hide-and-seek.
As that threat has faded, conßicting pri-
orities have emerged. On one hand, the
U.S. Navy is concerned about the threat
that growing Third World naval forces
pose to its ability to operate in coastal
waters around the world. On the other
hand, concern about the fate of the
cold war industrial base is creating pres-
sures for the U.S. to join former allies
and enemies in supplying advanced
diesel-powered attack submarines to
developing countries.

More than 20 developing countries
currently operate over 150 diesel attack
submarines. North Korea has 25 such
vessels, India 18, Turkey 15, Greece 10,

Egypt 8, Libya 6 and Pakistan 6. Many
of these boats are obsolescent, poorly
maintained or operated by ill-trained
crews. Others, however, could be a
match for many vessels in the navies of
the industrial world.

T
hird World nations have pur-
chased their most advanced ves-
sels from Russia and western Eu-

ropean countries, both of which have a
submarine manufacturing base far in
excess of their own needs. Hans Saeger,
sales director for the German subma-
rine builder HDW, has estimated that
NATO countries have the capacity to
build 19 vessels a year, although NATO
members generally purchase only two
or three. The incentive to employ the
remaining capacity is strong.

Germany in particular is a major ex-
porter of submarines. Its sales are of
exceptional concern because they fre-
quently involve the transfer not only of
vessels but also of production equip-
ment and know-how for building sub-
marines. Such ÒcoproductionÓ deals
promote sales, but they also lead to an
increase in the number of nations com-
peting to sell submarines, thus making
proliferation even more diÛcult to con-
tain. Germany has made coproduction
agreements with South Korea, India and
ArgentinaÑthe last has been licensed
to produce two additional submarines
for reexport.

Russia looks to weapon sales as a
source of desperately needed hard cur-
rency. The Russian navy stated several
years ago that it intended to continue
producing two diesel submarines a year,
keeping one for itself and selling the
other for ready cash. Soviet customers

have included Libya, North Korea, In-
dia and Algeria. More recently Iran pur-
chased two of the Kilo boats with the
option to buy a third.

Other nations are in the business, too.
France has supplied its Daphne and
more modern Agosta models to Paki-
stan. China has sold somewhat outdat-
ed Romeo-class submarines to North
Korea and Egypt. Sweden is marketing
submarines to Malaysia and is looking
for other sales in South Asia. The Neth-
erlands is considering the sale of 10
submarines to Taiwan in what is expect-
ed to be the last big sale of the century.
Britain, meanwhile, is selling oÝ four
new Upholder-class diesel boats that its
ßeet no longer has the money to sup-
port, even oÝering to lease them com-
plete with mercenary crews.

Although the U.S. Navy has purchased
only nuclear-powered attack subma-
rines since the 1960s, the U.S. govern-
ment recently gave approval for domes-
tic production of diesel vessels. In a
1992 report to Congress, the navy ar-
gued: ÒConstruction of diesel subma-
rines for export in U.S. shipyards would
not support the U.S. submarine ship-
building base and could encourage fu-
ture development and operation of
diesel submarines to the detriment of
our own forces.Ó Nevertheless, in April
1994 the State Department gave Ingalls
shipyard in Pascagoula, Miss., the go-
ahead to produce HDWÕs Type 209 un-
der a license from the German Þrm.
Egypt wants to buy two of these boats
but cannot aÝord to purchase them di-
rectly from Germany. The vessels built
by Ingalls will be bought using U.S. mil-
itary aid, which may be spent only on
weapons of American manufacture.
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Third World Submarines
The proliferation of submarines may be a threat to

established navies and regional stability, but to arms
manufacturers it is a market opportunity 

by Daniel J. Revelle and Lora Lumpe
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Once this new production line is in
place, economic considerations will
probably generate pressure to make
further sales to developing countries.
Taiwan and Saudi Arabia are the next
likely customers for U.S.-made Type
209 vessels.

A
s shrinking military budgets add 
to economic woes, arms manufac-
turers are aggressively seeking 

to expand their markets. Submarine
merchants have targeted nations bor-
dering on the Gulf of Oman, the Med-
iterranean, the Arabian Sea and north-

ern Indian Ocean, the South China Sea,
and PaciÞc waters near the north Asian
coast. If successful, their sales cam-
paign could pose serious risks to inter-
national stability.

Even a handful of modern, well-main-
tained diesel submarines could have
made a signiÞcant diÝerence in the Per-
sian Gulf War. If Saddam Hussein had
bought six modern vessels Òand posi-
tioned three of them on either side of
the Strait of Hormuz, that would have
complicated matters,Ó according to U.S.
vice admiral James Williams. ÒOne die-
sel sub can make a great diÝerence to

how you drive your ships,Ó he asserts.
During the Falklands/Malvinas war, a

single Argentine Type 209 managed to
elude 15 British frigates and destroyers
and the antisubmarine aircraft of two
carriers. The San Luis maneuvered into
torpedo range of the British ßeet and
launched three torpedoes, although all
three shots were unsuccessful. Early in
the conßict a British submarine sank the
Argentine cruiser General Belgrano with
two straight-running torpedoes of a de-
sign that dated to World War II.

Both the U.S. and British navies are
developing active antitorpedo weapons
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UPHOLDER-CLASS SUBMARINE (shown here) is one of four
that the British Royal Navy built during the 1980s but can no

longer aÝord to maintain. Britain is now oÝering to sell the
diesel vessels or to lease them out, complete with crews.
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for the turn of the century, but at pres-
ent evasion and electronic countermea-
sures are the only way to avoid a torpe-
do already in the water. Courtesy of the
industrial nations, most Third World
navies now have advanced torpedoes
that can home in on a ship and explode
just underneath its keel for maximum
damage. 

Some also possess submarine-
launched antiship missiles. The U.S. has
sold the Harpoon missile to Israel, Pak-
istan and others, and the French are
marketing a submarine-launched ver-
sion of the Exocet missile.

The deadliness of submarine-launched
weaponry makes early detection and
destruction of attacking submarines a
crucial factor in antisubmarine warfare
(referred to as ASW). Submarines in
general are obviously much more diÛ-
cult to detect than are surface ships or
aircraft. Diesel attack submarines can
be very quiet. When moving slowly,
they can rely for days on battery power,
eliminating engine noise or any need to
surface or snorkel for air.

D
iesel submarines have a rela-
tively short range, and so they
tend to inhabit littoral waters

rather than the mid-ocean depths. In-
deed, most developing countries have
only a few vessels deployed defensively
near their own coastlines, leading some
analysts to deride them as mere Òintel-
ligent mineÞelds.Ó Nevertheless, the
task of tracking and destroying these
submarines can be complex and fraught
with pitfalls.

The ÒshallowÓ areas that usually har-
bor diesel submarines may be as deep
as 300 meters, giving a vessel plenty of
space to hide. At the same time, the
bottom is close enough that false sonar
echoes can mask a boatÕs location,
much as Òground clutterÓ can hide low-
ßying aircraft from radar. Ships, oil rigs
and sea life can add noise in coastal
waters, further complicating the ASW
operatorÕs job. Magnetic anomaly de-
tectors, used to Þnd submarines in the
open ocean, can be especially confound-
ed by the clutter of a shallow seaßoor
and the Òmagnetic garbageÓ that litters
the coastal plain.

To detect submarines and determine
their location, ASW operators must cat-
alogue other sound sources in the re-
gion where submarines might travel
and map thermal, depth and salinity
proÞles and bottom conditions that can
aÝect the path of acoustic emissions
and sonar returns [see ÒThe Amateur
Scientist,Ó page 90]. The U.S. Navy has
only begun to turn its attention to this
problem for waters such as the Persian
Gulf, which was free of submarines un-

28 SCIENTIFIC AMERICAN August 1994

Attack Submarines for Sale

Diesel-powered attack submarines now being sold to developing nations
are smaller and slower than are the superpowers’ nuclear versions (such

as the U.S. Los Angeles–class vessel pictured immediately below). Neverthe-
less, they pose a significant threat to shipping and to naval forces that might
wish to intervene in regional conflicts.

LOS ANGELES
U.S.

AGOSTA
FRANCE

KILO
RUSSIA

TYPE 209 (SSK-1500)
GERMANY

UPHOLDER
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til 1992. At that time, Iran acquired its
Þrst Kilo boat, and the U.S. assigned
two Los AngelesÐclass nuclear-powered
attack submarines to patrol and map
the area.

A
lthough diesel submarines have 
many advantages when deployed 
under appropriate conditions,

they are not without weaknesses. Their
engines make more noise than do nu-
clear reactors and cannot drive a sub-
marine as fast. When running at high
speed under electric power, a subma-
rine can deplete its batteries in a few
hours. Even at slower speeds it must
still approach the surface to take in air
every four to 10 days, depending on the
submarineÕs capabilities and the cap-
tainÕs willingness to risk running out of
power to avoid detection. Consequent-
ly, ASW forces can prevail by blanketing
an area with vessels and aircraft. Admi-
ral Henry Mauz, U.S. Atlantic comman-
der in chief, explains, ÒIf you donÕt let
him snorkel, you hold him down. Pret-
ty soon he canÕt workÑitÕs too hot, too
steamy, too much carbon dioxide and 
monoxide.Ó

The newest submarine designs aim
to reduce these liabilities. The Kilo and
Type 209, for example, emit much less
noise when snorkeling than do their
predecessors. Moreover, Swedish, Ger-
man, Italian, Russian and South Korean
shipyards are developing air-indepen-
dent propulsion (AIP) systems, which
eliminate the need for frequent snorkel-
ing and may enable a vessel to remain
at depth for up to a month. Sweden has
tested and incorporated into its next-
generation design an AIP system using
a Stirling engine, an external combus-
tion engine that does not burn fuel ex-
plosively and is thus much quieter than
a standard gasoline or diesel engine.
Other designs may use liquid oxygen
and high-eÛciency combustion sys-
tems, or chemical fuel cells with up to
Þve times the net energy density of
lead-acid batteries.

Most submarine ßeets Þelded by
Third World countries do not currently
present an insuperable threat to naval
operations. U.S. Navy representatives
point out that Òonly a relatively small
proportion of the ocean is less than
1,000 feet deep, and most of that is
less than 30 miles from shore. Control-
ling the deeper water,Ó they contend,
Òguarantees battle group operation safe-
ty and Ôbottles upÕ potential threats in
restricted shallow water areas, where
they are more susceptible to mines and
other forces, while ensuring the sea
lanes of communication remain open.Ó

The new Kilos, to be based in south-
ern Iran, are regarded by one U.S. intel-

ligence oÛcial as so easy for U.S. air-
craft to Þnd and destroy that eliminat-
ing them would be little more than a
Òlive Þre exercise.Ó Less capable subma-
rines do not necessarily pose a serious
danger even in large numbers. North
KoreaÕs ßeet, for example, consists of
antiquated Chinese-built Romeo-class
vessels, a type the Soviet Union stopped
selling in 1960. LibyaÕs submarine crews
have a reputation for being poorly
trained, and their boats are so shoddily
maintained that only one or two out of
six may be operableÑnot one has rou-
tinely gone to sea since 1985.

Faced with this mixed situation, the
U.S. Navy has taken two contradictory
positions. In its posture statement the
service pledges to Òensure we maintain
the ASW edge necessary to prevail in
combat along the littoral,Ó thus implic-
itly acknowledging that its current ASW

forces are adequate to meet existing and
near-term threats. At the same time, of-
Þcials are justifying a new nuclear attack
submarine program and several new
helicopter, sonar, radar, torpedo and
ship defense projects based in large
part on the peril that could arise from
diesel submarines in shallow water.

Indeed, the dangers that submarine
ßeets of the developing world present
to U.S. forces will increase if nations
continue to export more advanced and
stealthy diesel submarines and weapon
systems. Are there ways to limit the
spread of the submarines?

It is diÛcult to convince exporters
that halting the sale of submarines to
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PERSIAN GULF has been the site of sub-
marine operations since 1992, when Iran
received its Þrst submarine from Russia
and built a base at Bandar Abbas. The
U.S. then assigned two Los AngelesÐclass
nuclear-powered attack submarines to
patrol and map the area. Roughly a quar-
ter of the worldÕs oil passes this single
maritime choke point.
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the Third World would be in their best
interests, but the idea of forgoing po-
tential sales is not unprecedented. In
1987, when Western countries became
suÛciently alarmed about ballistic mis-
sile proliferation, they managed to put
aside their Þnancial interests to limit
the sale of missiles and related tech-
nology. The Missile Technology Control
Regime (MTCR) bars the transfer of
missiles, equipment or know-how that
could lead to widespread proliferation.

Missiles were an object of special
concern because they could penetrate
enemy defenses and were highly suit-
able for surprise attackÑdestabilizing
characteristics also shared by subma-
rines. Attack submarines in the hands
of rogue states raise the specter of ter-
rorism against commercial shipping and
could also wreak havoc against major-
power forces attempting to operate in
littoral waters. As with the MTCR, the
best way to stop the spread of subma-
rines to potentially hostile regimes is
to control the export of these weapons
worldwide. Routine sales of ballistic
missile capabilities are no longer con-
sidered a legitimate commercial oppor-
tunity for nations to exploit. The same
can be done for submarines.

T
he market may not be such a
large one for the developed coun-
tries to give up. Modern subma-

rines cost too much for most coun-
triesÑPakistan, for example, would pay
$233 million for each of three Agosta 90
models it is seeking to purchase from
France. But China is competing with
France for the Pakistani sale. Both coun-
tries are oÝering generous Þnancing
packages that reduce the proÞtability
of the deal. In todayÕs buyersÕ market,
cash-paying customers are few. In the
U.S. deal with Egypt, the revenues that
Ingalls shipyard would receive are U.S.
taxpayer dollars, already required to be
spent on U.S. goods and services.

Many submarine sales involve agree-
ments to license the designs and tech-
nology for building the boats. Thus, the
purchaser may become independent
and may even compete with the origi-
nal seller for future orders. Brazil, Ar-
gentina, South Korea and India, all for-
mer submarine purchasers, have pro-
duced some of their own vessels. It was
precisely such proliferation of produc-
tion capabilities that spurred formation
of the MTCR. The developed countries
may similarly wish to act before losing
control of the world trade in subma-
rines, along with the market itself, to
Third World submarine producers.

Submarine exports are sometimes
justiÞed on the basis of the need to pre-
serve the defense industrial base, but

the capabilities that are preserved may
not be all that useful for a modern na-
tionÕs own defense. Germany has sold
Type 209 submarines for nearly 20
years, but there is not a single Type 209
in the German navy. Of greater aid in
maintaining a submarine industrial base
in Germany and Sweden are current
domestic construction orders for sub-
marines with air-independent propul-
sion systems, which will provide work
through the late 1990s. For the U.S.,
production of diesel vessels in Missis-
sippi would not help maintain nuclear
submarine production in Virginia and
Connecticut, although it would help
keep Ingalls aßoat. Instead it would
create a production line whose output
the U.S. Navy is interested neither in
purchasing nor in seeing proliferated
around the globe.

A good step toward eventual control
of submarine exports might be to re-
strict the sale of advanced submarine-

launched weapons, such as modern tor-
pedoes and antiship cruise missiles.
These weapons, a single one of which
can sink a large surface vessel, are par-
ticularly destabilizing. Furthermore, the
U.S. could set an example by stopping
the export of Harpoon missiles. These
antiship weapons allow a submarine to
attack a target such as an aircraft carri-
er from as far away as 90 miles, well
beyond the reach of its inner defenses.

Missile and torpedo sales valued in
the hundreds of thousands of dollars
may be easier for governments to resist
than submarine sales worth hundreds
of millions. Whereas even the most ba-
sic torpedo can sink a ship, more mod-
ern weapons, which are faster, stealthi-
er, longer range and better guided and
which can defeat modern countermea-
sures, could place naval forces in immi-
nent peril. By limiting sales of under-
sea ordnance to the most basic types,
exporters would limit the threat from

30 SCIENTIFIC AMERICAN August 1994

IMPORTERS

PRIMARY SOURCE: International Institute for Strategic Studies

PLANHAVE

CHINA

FRANCE

GERMANY

NETHERLANDS

RUSSIA 

SWEDEN

U.K.

ALGERIA 

CHILE 

COLOMBIA 

CUBA

ECUADOR

EGYPT

GREECE

INDONESIA 

IRAN 

ISRAEL

LIBYA

MALAYSIA

PAKISTAN

PERU

PHILIPPINES

SAUDI ARABIA 

SINGAPORE

SOUTH AFRICA

SYRIA 

TAIWAN 

VENEZUELA 

ARGENTINA

BRAZIL

CHINA 

INDIA

NORTH KOREA

SOUTH KOREA

TURKEY

CO-PRODUCERS

2

4

2

3

2

8

10

2

2

3

6

–

6

9

–

–

–

3

3

4

2

4

4

45

18

25

4

15

–

–

–

–

–

2–6

–

–

–

2

–

?

3

–

?

?

?

–

–

4

–

4

3

–

6

–

8

7

EXPORTERSPLANHAVE

Copyright 1994 Scientific American, Inc.



existing boats. An agreement restricting
coproduction or sale of submarine pro-
duction technology would be another
logical move toward cessation of sub-
marine exports in general.

Countries that purchase submarines
would be expected to object to restric-
tions on their availability. An outright
ban on sales would aÝect neighbors and
enemies equally, however. An eÝective
international agreement could prevent
naval arms races before they begin.

G
iven the long lifetime of subma-
rines and other advanced weap-
ons, exporting them even to

countries that are now staunch allies is
a risky business. Iran had six German
Type 209 submarines on order at the
time of its fundamentalist revolution.
Had those weapons been delivered, Iran
would likely have used them to great
eÝect against Kuwaiti and Iraqi oil
shipments during the Iran-Iraq war and

could have turned them against the
U.S. ßeet when it intervened to protect
those deliveries.

Although Third World submarines
do not pose an overwhelming threat at
present, continued sales of modern sub-
marines and munitions have led to real

and serious proliferation risks. Subma-
rine-producing countries need to look
beyond short-term commercial inter-
ests to long-term security necessities
and organize a regime whereby the sale
of advanced submarines is slowed or
halted entirely.
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A
t noon on June 7, 1992, tense with 
anticipation, I watched a Delta II 
rocket lift oÝ its pad at Cape Ca-

naveral, Fla., carrying the National Aero-
nautics and Space AdministrationÕs Ex-

treme Ultraviolet Explorer (EUVE) sat-
ellite. About an hour later the launch
vehicle placed EUVE into an orbit 550
kilometers above the earth.

The satelliteÕs performance has sur-
passed expectations. Soaring over the
atmosphere, which prevents extreme ul-
traviolet radiation from reaching earth-
bound telescopes, EUVE has detected 
a wide variety of astronomical objects.
Among them are white dwarfs, coronal-
ly active stars, neutron stars and plane-
tary objects in our solar system, all radi-
ating in this high-frequency band. EUVE

has even seen 10 sources of extreme
ultraviolet radiation beyond the Milky
Way galaxy. This observation was all the
more satisfying because of the long-
standing prediction that interstellar gas
would absorb all EUV radiation coming
from even nearby stars, let alone that
from extragalactic objects.

The Þrst satellite dedicated to ex-
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Extreme
Ultraviolet Astronomy

Observations at these wavelengths,
once thought impossible, are

extending knowledge of the cosmos

by Stuart Bowyer

STUART BOWYER received his Ph.D. in
physics from the Catholic University of
America in 1965 and, soon after, joined
the faculty of its department of space sci-
ences. In 1967 he became a professor of
astronomy at the University of California,
Berkeley. There he created a research
group involved in extreme ultraviolet and
far ultraviolet astronomy and related top-
ics in high-energy astrophysics. In 1989
he founded the Center for Extreme Ultra-
violet Astrophysics at Berkeley.

Among other honors, Bowyer has re-
ceived the National Aeronautics and
Space AdministrationÕs highest award,
the Distinguished Public Service Medal,
for his work in developing the Þeld of
extreme ultraviolet astronomy.
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treme ultraviolet astronomy, EUVE has
in its two years of ßight already collect-
ed crucial information on a range of as-
tronomical objects. The observations
are forcing us to revise our models of
hot young stars and white dwarfs, as
well as yielding new information on
stellar coronae, the interstellar medium
and planets in the solar system.

For me and the students and post-
doctoral fellows who have worked with
me in developing extreme ultraviolet
astronomy, EUVE and its discoveries
represent the culmination of a vision
stretching back more than two decades.
Seeing our dreams come true has been
all the sweeter in light of the prediction
that extreme ultraviolet astronomy was

a science that was doomed to failure.
During the 1960s and early 1970s, 

astronomers believed that extreme ul-
traviolet radiationÑhaving wavelengths
between roughly 100 and 1,000 ang-
stromsÑwould be completely absorbed
by the interstellar medium. Thus, such
light, if emanating from any star other
than the sun, could not reach the earthÕs
vicinity. This calculation was based on

an estimate of the average density of
gas in interstellar space: one hydrogen
atom per cubic centimeter, with lesser
amounts of helium and other elements.
If this material were uniformly distribut-
ed throughout the galaxy, EUV astrono-
my would indeed be impossible.

There was also a technical hitch: in-
struments to detect and analyze EUV
radiationÑin the laboratory, let alone
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NIGHT SKY glows in extreme ultraviolet radiation of short wavelengths (about 100
angstroms). Six months of observations by the Extreme Ultraviolet Explorer (EUVE )
satellite were compiled in this map. Each stripe corresponds to a continuous phase
of data taking; the dark stripes, representing periods during which the survey was
suspended for calibration, have since been Þlled in. The circular feature to the low-
er left is the Vela supernova remnant. OrionÕs belt can be seen to the left of center.

Copyright 1994 Scientific American, Inc.



any devices capable of being launched
in a rocket or satelliteÑwere nonexis-
tent or in a primitive stage of develop-
ment. Together these factors conspired
to make the extreme ultraviolet band the
last frontier in observational astronomy.

It was a frontier that appealed to me.
Immediately after completing my Ph.D.
in physics with a thesis in x-ray astron-
omy, I developed some crude instru-
mentation to detect extreme ultraviolet
radiation. Could such technology Þnd a
place in astronomy? Not being formal-
ly trained as an astronomer, I was not
overly impressed by the standard pes-
simistic picture. But it certainly was
cause for concern.

S
oon after I came to the University
of California at Berkeley in 1967,
George B. Field, a leading expert

on the interstellar medium, proposed
that interstellar matter might be distrib-
uted quite unevenly. Its density in many
directions might be only one tenth of
the average. In that case, extreme ultra-
violet radiation would penetrateÑin
those directionsÑ10 times farther than
was normally assumed. Therefore, a vol-

ume of space 1,000 times greater than
was commonly believed to exist would
be observable by EUV light. That would
amount to a 1,000-fold increase in the
potential number of such sources! I said
to myself, ÒIf George Field with a snap
of his theoretical Þngers can extend
the range of EUV observations by 1,000
times, who knows what may be possi-
ble in real life?Ó I decided that EUV as-
tronomy was something I should pur-
sue after all.

Since 1968 I have led a research
group at Berkeley with a special focus
on EUV astronomy. To this group I have
been fortunate to attract a series of tal-
ented, adventurous graduate students
and postdoctoral fellows.

During the early years, it was diÛcult
to convince astronomers, and NASA in
particular, to support eÝorts to over-
come the technical diÛculties facing ex-
treme ultraviolet astronomy. But NASA

did provide me with a modest grant. So
I focused on using sounding rocketsÑ
which stayed above the atmosphere for
only about Þve critical minutes before
falling back to the earthÑas a means 
of testing and evaluating new technol-

ogy for extreme ultraviolet astronomy.
In the mid-1970s I led an eÝort to ßy

a telescope, primitive by todayÕs stan-
dards, that would make extreme ultra-
violet observations during the U.S.-
Soviet Apollo-Soyuz spaceßight. NASA

selected our proposal, and in 1975
Apollo-Soyuz carried our instrument
above the atmosphere. We found four
sources of EUV radiation. Two turned
out to be hot white dwarf stars and one
a star with an active corona..  The fourth
was a cataclysmic variable star, a binary
system that occasionally brightens by a
factor of Þve to 100, named SS Cygni.
Because the white dwarfs and SS Cygni
are 100 to 200 light-years away, the
Apollo-Soyuz experiment demonstrated
that EUV radiation can, at least in some
directions, pass through the interstel-
lar medium for astronomical distances.

The success of Apollo-Soyuz gave us
a big push forward. In response to a
NASA announcement for an explorer
satellite program, we submitted a pro-
posal to develop instruments that could
map the entire sky in the extreme ultra-
violet band. NASA chose our proposal,
and so began the years of toil that
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The EUVE Satellite

Launched in June 1992, the EUVE satellite is dedicated to 
extreme ultraviolet astronomy. The satellite is shown

here stripped of its outer insulating covering. Three “sky
survey” telescopes look out perpendicular to the axis of
rotation of the satellite (vertical ). The axis lies in the plane
of the ecliptic—that in which the earth circles the sun—and
points toward and away from the sun. As the satellite ro-
tates, the sky-survey telescopes scan the sky perpendicular
to the spin axis; in six months the entire sky is mapped.

The fourth, “deep survey” telescope looks along the ro-
tation axis and scans a small strip of sky in the direction
away from the sun. This portion of the sky is observed for
substantially longer exposure times, revealing fainter
sources of EUV radiation. Half the radiation it collected
goes to three spectrometers used by NASA’s guest ob-
servers since the sky survey was completed. EUVE’s ob-
servations will continue through 1995; the satellite itself
should remain in orbit until at least 1999.
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would culminate in the Extreme Ultra-

violet Explorer satellite.
Not all the obstacles were technolog-

ical. Financial restrictions kept initial
funding at a low level. And, notwith-
standing the success of EUV observa-
tions on Apollo-Soyuz, a report issued
by the National Academy of Sciences in
1979 suggested that NASA cancel EUVE.
The recommendation was based on the
grounds that less than a dozen EUV
sources were likely to be detected. To
its credit, NASA continued its support
for our work.

T
he technical diÛculties were in-
deed considerable. Focusing, de-
tecting and analyzing high-ener-

gy EUV radiation require instruments
that are quite diÝerent from those used
with visible light. For example, the best
optical telescopes use mirrors that gath-
er and focus light by reßecting it at large
angles..  If the wavelength of the radia-
tion is less than about 500 angstroms,
however, it will be absorbed by this type
of mirror.

To tackle this problem, x-ray as-
tronomers had pioneered the develop-
ment of Ògrazing incidenceÓ telescopes.
With these instruments, the radiation
strikes the mirror at an angle almost
parallel to the surface and is reßected
at a similar small angle [see illustration

on next page]. The trick can be used to
focus EUV radiation, but this type of
mirror is exceedingly diÛcult to fabri-
cate. The mirror surfaces must be
shaped and polished with painstaking
precision, but few of the comparatively
inexpensive techniques used for mak-
ing optical telescopes can be applied to
grazing-incidence telescopes.

The cost of Þguring and polishing
glass surfaces for an EUV grazing-inci-
dence instrument was prohibitive for a
Þeld that had yet to prove itself. At
Berkeley I involved three graduate stu-
dentsÑWebster C. Cash, Roger F. Mali-
na and David S. FinleyÑin an eÝort to
develop metal telescopes for EUV as-
tronomy. We crafted these from careful-
ly shaped aluminum, coated with nick-
el (to give a good polishing surface)
and then with a thin layer of gold for
maximum reßectivity.

We were fortunate to enlist the help
of Lawrence Livermore National Labo-
ratory in this project. Using diamond-
turning lathes originally developed to
make nuclear weapons, we were able to
make mirrors having characteristics
that were far better than similar mir-
rors fabricated elsewhere. In the end,
our mirrors were about as good as the
glass one ßown in the Einstein x-ray
satellite in 1978, which cost nearly 30
times more.

Developing the grazing-incidence mir-
rors for EUVE was only part of the bat-
tle. We also had to invent and develop
detectors for the EUV radiation collect-
ed by our telescopes. Several extreme
ultraviolet detectors were designed in
my laboratory, all based on a common
principle. Incoming photons jar loose
an electron, which accelerates down a
capillary tubeÑone of an adjoining
honeycomb of such tubesÑknocking
out additional electrons. These in turn
eject still more electrons, producing a
cascade of several million electrons
from a single initial electron.

This principle has been employed in
many military and civilian night-vision
systems. But applying it to extreme ul-
traviolet astronomy was no easy task.
Because EUV sources, like most astro-
nomical objects, are amazingly faint,
we had to create an instrument of tre-
mendous sensitivity, one capable of de-
tecting a single photon. In spite of this
sensitivity, the detector had to produce
an extremely low level of spurious, ran-
dom signals. Furthermore, we needed a

way to convert the cascade of electrons
into an electronic signal that would
faithfully replicate the image produced
by the telescope.

Michael Lampton, my Þrst postdoc-
toral fellow and now my colleague and
collaborator, invented several schemes
for reproducing images of the sky from
the signals from the detector. The de-
tector we used for EUVE generates a
picture deÞned by a matrix of 2,048 by
2,048 pixels. The detector has very low
internal noise and is nearly insensitive
to the longer-wavelength ultraviolet ra-
diation. [see ÒThe Microchannel Image
IntensiÞer,Ó SCIENTIFIC AMERICAN; No-
vember 1981]. 

But the telescopes and the detector
were only part of the story. In the long
run, I knew that spectroscopyÑthe sci-
ence of analyzing the amounts of radi-
ation of diÝerent wavelengthsÑwould
be critical to the growth of EUV astron-
omy, just as it had been in all other
Þelds of astronomy. Hence, I engaged
four graduate studentsÑMalina, Patrick
Jelinsky, Michael Hettrick and Mark V.

SCIENTIFIC AMERICAN August 1994       35

VELA SUPERNOVA REMNANT is one of the brightest extreme ultraviolet sources
in the sky. It is, however, very hard to see in visible light. The bright blotches show
gas thrown oÝ when the star exploded. Now the gas forms an expanding shell, ra-
diating profusely in the extreme ultraviolet and x-ray bands.
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HurwitzÑin an attempt to fashion EUV
spectrometers.

The heart of the device that was ulti-
mately developed is a radically diÝer-
ent ruled grating in which the spacing
between adjacent lines increases slowly
from one end to the other. This Òvari-
able line-spaced gratingÓ spectrometer
disperses the light in a way that pro-
vides unique advantages. In essence, it
has high eÛciency, is compact and eas-
ily adapts to diÝerent telescopes.

Notwithstanding our successes in the
laboratory, all our instruments were
originally designed for use on sounding
rockets. So they had to be reconÞgured
to meet NASAÕs ÒspaceworthinessÓ spec-
iÞcations in order to ßy in EUVE. Malina
was subsequently appointed by NASA

to lead a team of scientists and engi-
neers to accomplish these goals and to
make sure that the equipment would
function properly in orbit.

In the meantime the observations
made by Apollo-Soyuz had sparked in-
terest in extreme ultraviolet astronomy
elsewhere. A group of British astro-
physicists decided to build an instru-
ment to survey the sky in the shortest-
wavelength part of the EUV band. Their
Wide-Field Camera, using extreme ul-
traviolet technology Þrst developed at
Berkeley, was designed for launching
piggyback on the German satellite
ROSAT. (The primary mission of the
satelliteÑnamed after the discoverer of
x-rays, Wilhelm R�ntgenÑis the obser-
vation of x-ray sources.)

The Wide-Field Camera was formally
approved in 1980, four years after NASA

approved EUVE, but fate ordained that
it precede EUVE into orbit by almost
two years. The camera found 350 sourc-
es of short-wavelength extreme ultravi-
olet radiation. In addition to this cata-

logue of sources, some astrophysical in-
sights were derived from its data.

We had initially planned to operate
the post-launch phase of the mission
within one of the organizational struc-
tures already available at Berkeley. But
by the late 1980s it had become clear
that the project was too large in scope
for the facilities and staÝ of the avail-
able structures. I was able to persuade
the university to found the Center for
Extreme Ultraviolet Astrophysics (CEA).
Scientists and engineers at the CEA
monitor the health of EUVEÕs instru-
ments, control their operation and ana-
lyze data from the Þrst phase of obser-
vations. They also provide support for
NASAÕs Òguest observersÓÑastronomers
from all over the world who use the
spectrometer for speciÞc observations.

F
our telescopes form the complex
of instruments on EUVE [see box

on page 34]. Three of these, the
Òsky surveyÓ telescopes, point in the
same direction. We had originally made
each one to observe a diÝerent band of
wavelengths in the EUV, using special
Þlters developed in my laboratory. Lat-
er we devised a fourth Þlter and a
clever packaging scheme that would al-
low us to explore the EUV sky in four
bands instead of three. We therefore
reconÞgured the survey telescopes so
that all four bands would be observed.

The direction in which the survey
telescopes look out is perpendicular to
the axis of rotation of the EUVE satel-
lite. This axis lies in the plane of the
eclipticÑthat of the earthÕs orbit around
the sunÑand is pointed toward and
away from the sun. As the satellite spins,
the telescopes scan a strip of the sky;
the strip shifts daily as the earth trav-
els in its orbit around the sun. The 

entire sky is mapped in six months.
The fourth, Òdeep surveyÓ telescope

is aligned parallel to the axis of rota-
tion of EUVE. Thus, it looks away from
the sun. Within six months the tele-
scope scans a small strip of sky in the
plane of the ecliptic. The prolonged ex-
posure allows more sensitivity than
does the main survey and reveals faint-
er sources. Half of the incoming radia-
tion is used for the deep survey; the
other half is divided equally among the
three spectrometers. Because a single
grating can eÛciently reßect wave-
lengths diÝering by only a factor of
two or three, three spectrometers are
needed to cover the entire EUV band.

In January 1993 EUVE Þnished the
Þrst surveys of the sky covering the en-
tire range of extreme ultraviolet radi-
ation. To incorporate the enormous
amounts of data returned by the satel-
lite, we had to address a common prob-
lem. As well as extreme ultraviolet pho-
tons, our detectors are sensitive to cos-
mic rays and charged particles captured
in the earthÕs magnetic Þeld. These par-
ticles cause a background, or noise, in
which our faint astronomical signals
are embedded.

Through considerable eÝort, we were
able to create reliable algorithms to dis-
tinguish true sources from false ones.
Using these programs, we have now car-
ried out our initial processing of the all-
sky data and found more than 400 dis-
tinct EUV sources. In the next process-
ing, due to be completed next month,
we will be introducing even more so-
phisticated techniques. We expect to
Þnd up to 1,000 sources.

Our Þrst results show that many of
the extreme ultraviolet sources detect-
ed are stars with active coronae and
hot white dwarfs. The remainder of the
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EXTREME ULTRAVIOLET ASTRONOMY requires telescopes,
spectrometers and detectors that are very diÝerent from
those used in optical astronomy. Because this short-wave-
length radiation is absorbed by mirrors designed for optical
telescopes, Ògrazing incidenceÓ mirrors had to be employed.
In those shown here the radiation strikes the mirrors at a very

small angle to the surface. The drawing shows a ray of EUV
radiation being focused by mirrors (with the covers removed)
in the deep-survey telescope. The radiation then diÝracts oÝ
a variable line-spaced grating, which disperses it into compo-
nent wavelengths. Finally, the ray is observed by a microchan-
nel detector, which can ÒseeÓ even a single photon of radiation.

PRIMARY
MIRROR

SECONDARY
MIRROR

VARIABLE LINE-SPACED
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current harvest constitutes a diverse
collection of astronomical objects: cat-
aclysmic variable stars, hot young stars,
extragalactic sources, supernova rem-
nants and neutron stars.

In January 1993 EUVE entered its sec-
ond phase of operation: studying par-
ticular sources intensively with the
spectrometers. Astronomers who have
convinced NASA of the value of their
research proposals are participating in
this second phase. These guest ob-
servers each look at their chosen object
for some 10 to 100 hours during the
Òdark time,Ó in which the satellite is
shielded by the earth from the sunÕs ra-
diation. Notably, EUVE is able to direct
its axis toward a location in the sky,
while moving in orbit, to an accuracy
better than 10 arc seconds, the angular
size of a dime seen from 700 meters
away.

A group of astronomers led by Arieh
K�nigl of the University of Chicago
made one of the most exciting observa-
tions using EUVE. The discovery con-
cerns an extragalactic object, PKS 2155-
304, so called because it was Þrst seen
with the Parkes radio telescope in Aus-
tralia. PKS 2155-304 is an elliptical gal-
axy, which emits an extremely bright
jet of hot material that we seem to be
observing head-on. Radiation from the
jet completely dominates all other emis-
sions from the galaxy.

Such ÒBL Lac objectsÓ are known to
radiate light of almost all wavelengths,
from x-rays through radio waves. A
unique feature of their radiation is that
it is virtually featureless and thus pro-
vides few clues as to the physical con-
ditions in these objects. EUVEÕs spec-
troscopy established that PKS 2155-304
is detectable to wavelengths as long as
120 angstroms. The observation proved

that EUV radiation, which was not sup-
posed to be able to penetrate the inter-
stellar medium, could travel intergalac-
tic distances. More important, a num-
ber of absorption features were found
in the EUV spectrum. A detailed study
of these features will reveal profound
insights into the physical conditions of
such objects. In particular, we may
learn how matter falling into the black
hole at the galaxyÕs center is converted
into the relativistic jet that we observe.

M
ost sources detected by EUVE

are stars within the Milky Way
that exhibit active coronae. In

ÒnormalÓ stars like our sun, the corona
is an extended envelope of rareÞed gas.
Energy transported from the underly-
ing denser, cooler layers heat the coro-
na in some unknown manner to one or
two million degrees Celsius. Between
the starÕs apparent surfaceÑcalled a
photosphereÑand its corona, there lies
a transition region through which the
temperature rises abruptly. The radia-
tion from the transition region consists
primarily of extreme ultraviolet rays
and x-rays. The gas in the transition re-
gion is very thin, however, and the total
energy radiated is only a millionth of
that of the photosphere.

In some stars the corona radiates a
lot more energy than usual. In addition,
the radiation typically comes from plas-
ma at greater temperatures than in a
normal corona. Such coronally active
stars reveal much about the corona and
transition region even of sunlike stars.

Andrea K. Dupree of the Harvard-
Smithsonian Center for Astrophysics
and her colleagues have used EUVE to
study the extreme ultraviolet spectrum
of Capella. This system of two coronal-
ly active yellow giant stars is 45 light-

years away. These astronomers have
found strong emission lines produced
by ions of ironÑatoms of iron that have
lost anywhere between 14 and 23 of
their 26 electrons. The emission lines
demonstrate for the Þrst time that the
system contains ionized gas (plasma)
at temperatures ranging from a few tens
of thousands of degrees up to many
millions of degrees. Surprisingly, there
is a paucity of plasma at close to one
million degrees. In this respect, the Ca-
pella system is very diÝerent from the
sun, which has a (seemingly well under-
stood) excess of material at one million
degrees C. What could possibly pro-
duce a lack of material at this tempera-
ture? So far we do not know. 

Dupree and her colleagues have ob-
served a large amount of plasma at a
temperature close to six million degrees
C in the Capella system; we also do not
know what produces this hot material.
Plasma conÞned by magnetic Þelds may
undergo fusion near one or both of the
stars, releasing energy. Or the matter
could be heated through some interac-
tion between the two stars. By observ-
ing variations in the EUV radiation from
Capella, we may eventually be able to
determine the underlying mechanisms
operative in this stellar system.

Flares, or sudden outbursts of ex-
treme ultraviolet and x-ray radiation,
often occur on the sun and other stars.
The outbursts on coronally active stars
make those on the sun look quite mod-
est. Less than six weeks after EUVE was
launched, we observed two large ßares
on the star AU Microscopii, about 30
light-years away. In the Þrst of these
ßares, AU Mic increased its extreme ul-
traviolet output 20-fold during a few
minutes and then sank back to its usu-
al level of emission over the next few
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AU MICROSCOPII, a coronally active star, is imaged by the
short-wavelength band of the sky-survey telescope (left ). The
spectrum of the star is shown (right ) in its quiet phase and

during a ßare. The ßare consisted of a sharp peak in EUV ra-
diation that lasted for two hours, followed by a decaying tail
that lasted for more than a day.
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hours. Analyzing the radiation from AU
Mic with the spectrometers, we noted
substantial diÝerences in its quiet and
ßare phases [see illustration on preced-

ing page]. Through additional observa-
tions we hope to improve our under-
standing of these violent, transitory
phenomena.

A major surprise from EUVEÕs all-sky
survey was the discovery that Epsilon
Canis Majoris, a young, extremely mas-
sive hot star in the Big Dog constella-
tion, is by far the brightest EUV source
in the sky, even though it is more than
600 light-years away. John Vallerga and
his co-workers at the CEA found this
star in the longest-wavelength band of
the all-sky survey. In this band, absorp-
tion by interstellar matter is the most
severe. The observation implies that in
the direction of this star, there are few-
er than 0.002 hydrogen atom per cubic
centimeter, about a factor of 1,000 be-
low the average for our galaxy.

The EUV spectrum of Epsilon Canis
Majoris deÞes all that we know about
the atmospheres of hot young stars.
Joseph P. Cassinelli of the University of
Wisconsin led a group that analyzed
the spectrum of this star, in the hope
of understanding the winds that x-ray
studies have indicated are emanating
from these objects. Emission from
these winds was detected and is being
analyzed. Much more unexpected was
that emission was also detected from
the starÕs photosphere.

Dozens of studies carried out on Ep-

silon Canis Majoris in the far ultravio-
let, the visible and the infrared bands
of radiation have all conÞrmed current
models for this class of stars. But the
EUV ßux from the starÕs photosphere
exceeds the predictions of these Òwell
understoodÓ models by a factor of 30.
Although several astrophysicists have
speculated about causes of this excess,
their explanations are widely divergent.
Further work will certainly be needed
before we clarify this anomaly.

Epsilon Canis Majoris has also eluci-
dated the ionization of the interstellar
medium. Such ionization occurs when
an interstellar atom absorbs a photon,
liberating one of the atomÕs electrons.
The EUV radiation from this star is so
intense thatÑin its quadrant of the
skyÑthe star is the dominant cause of
the ionization of the interstellar medi-
um. Detailed studies of the character
of the interstellar medium, incorporat-
ing this new result, are now being car-
ried out.

When extreme ultraviolet light caus-
es ionization, it is absorbed in the pro-
cess. This absorption is evidenced in the
radiation from an astronomical source
by dark lines or an absorption edge in
the spectrum. By studying these eÝects,
we can learn about the temperature of
the interstellar medium and the densi-
ty and degree of ionization of each ele-
ment in it. Hydrogen, helium atoms and
singly ionized helium ions are the pri-
mary absorbers of extreme ultraviolet
radiation. My collaborators and I at the

CEA have studied this absorption in the
extreme ultraviolet spectrum of a hot
white dwarf, GD 246, which lies about
200 light-years away. Along the line of
sight to this star the hydrogen atoms
have an average density of about 0.04
per cubic centimeter, and about 25 per-
cent of the helium is ionized. 

The continuous spectra produced by
white dwarfs are ideal for carrying out
these studies. We have now made simi-
lar observations of about a dozen
white dwarfs viewed in diÝerent direc-
tions. By analyzing these results, we
will be able to deduce details about the
overall ionization state of the interstel-
lar medium. This information is crucial
in developing an understanding of how
this material has evolved. Ultimately it
should tell us how concentrations of
the interstellar gas arise and eventually
form new stars.

H
ot white dwarf stars, the second
most numerous class of EUV
sources, have in fact furnished

their own set of surprises. The extreme
ultraviolet spectra of many white dwarfs
have proved far weaker than theorists
had expected, forcing us to revise our
models of their atmosphere. It is worth
taking a moment to see why white
dwarfs were expected to dominate the
sky in the extreme ultraviolet bandÑ
and why they do not.

A white dwarf packs a mass roughly
equal to the sunÕs within a volume
equal to the earthÕs and therefore pro-
duces tremendous gravitational forces
at its surface, typically 100,000 times
the force of gravity on the earth. For 50
years, theorists had concluded that such
a large gravitational Þeld would make
the denser material in the white dwarf
sink downward, separating the atmo-
sphere into layers of varying composi-
tion. All the heavy elements would be
at the center, leaving the white dwarfÕs
outer layers made up of nearly pure hy-
drogen or, in the absence of hydrogen,
nearly pure helium.

In theory, it was straightforward to
demonstrate that any hot white dwarf
whose outer layers consisted of pure
hydrogen or helium must emit enor-
mous amounts of EUV. But the obser-
vations made by Apollo-Soyuz, by EX-

OSAT (another x-ray satellite with some
capacity to observe in the extreme ultra-
violet) and now by EUVE revealed very
modest amounts of such radiation.

Stephane Vennes of the CEA had ear-
lier postulated why white dwarfs might
suÝer a deÞcit in extreme ultraviolet
radiation. EUVEÕs spectroscopy proved
him to be correct. Extreme ultraviolet
light emitted from lower regions of the
white dwarfÕs atmosphere pushes iron
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IO TORUS, a ring of gas containing oxygen and sulfur ions that surrounds Jupiter,
was first seen in a Voyager ßyby. The gas is emitted by JupiterÕs volcanic moon Io
(top right ). The EUVE picture (bottom) shows that one side of the ring is much
brighter than the other. Because the gas is probably heated by JupiterÕs magnetic
Þeld, the observation provides clues to the ÞeldÕs structure.

IO

JUPITER
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ions into the upper atmosphere: the
iron absorbs the photons, whose up-
ward momentum produces an upward-
ly directed radiation pressure. The ions
are levitated to the surface, where they
substantially reduce the amount of EUV
radiation emitted from the white dwarf.

Data from the deep survey telescope
have provided information about the
diÝuse high-energy astronomical back-
ground, radiation believed to be gener-
ated by the hot material in the inter-
stellar medium. The origin, stability
and characteristics of this hot material
are not well understood; they are not
even well deÞned. A team at the CEA
found a shadow in the diffuse back-
ground. The shadow is cast by an iso-
lated cirrus cloud that, though very
tenuous, completely absorbs EUV radi-
ation from more distant locations. 

All the extreme ultraviolet radiation
we detect in the direction of the cloud
emanates from the sharply demarcated
region between the earth and the cloud.
We enlisted the help of Jens Knude of
the Copenhagen University Observato-
ry, who determined the distance of the
cloud to be 120 light-years. With this
information we were able to determine
directly the pressure of the hot inter-
stellar medium. We found this pressure

to be surprisingly high compared with
earlier ( indirect) estimates of 700 to
6,000 kelvins per cubic centimeter for
this parameter; it turned out to be
19,000. (In terms of human experience,
this pressure is in fact exceedingly low:
about a millionth of a trillionth of at-
mospheric pressure at sea level.)

E
ven in the well-explored realm of
planetary physics, EUVE has be-
gun to make important contribu-

tions. A team of astronomers led by H.
Warren Moos and Doyle T. Hall of Johns
Hopkins University has obtained strik-
ing EUV images of the plasma torus
around Jupiter [see illustration on oppo-

site page]. The Voyager ßybys in 1979
revealed that the torus is made mostly
of oxygen and sulfur ions initially emit-
ted by JupiterÕs volcanic moon Io. The
EUV images show that one side of the
Io torus is brighter than the other, which
means that the gas on that side is in a
hotter and denser environment. Because
this compression and heating are very
likely the result of the motion of the
gas within JupiterÕs magnetic Þeld, ob-
servations of the Io torus provide valu-
able clues about the interior structure
of JupiterÕs magnetosphere.

EUVEÕs phase of guest-observer spec-

troscopy will continue through 1995.
Although we cannot know what discov-
eries are in store, those that have been
made so far are certainly encouraging.
Further down the line, progress in ex-
treme ultraviolet astronomy will de-
pend in large part on NASAÕs backing
for the endeavor. The EUVE satellite it-
self will remain in orbit until at least
1999. If an extended mission for the
satellite is authorized, we will be able
to enter the next millennium with our
Þrst orbiting extreme ultraviolet obser-
vatory still sending streams of new re-
sults back to the earth.
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DEEP-SURVEY TELESCOPE and spectrometers are being pre-
pared for integration with the EUVE satellite. The telescope
takes long exposures of the sky in the direction of the earthÕs

shadow. The spectrometers, which receive light from sec-
tions of the same mirror, analyze the radiation from individu-
al sources into component wavelengths.
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M
arvin Minsky is famous as the father of artiÞcial in-
telligence, but he was also the author of another sig-
nal achievement. In the 1950s, as a postdoctoral fel-

low at Harvard University, he built a revolutionary light mi-
croscope that enabled him to view successively deeper layers
in a specimen with astonishing clarity, without Þrst having
to undertake the laborious task of cutting the specimen into
thin sections. MinskyÕs invention did not earn wide acclaim
at the time. In fact, when he patented his Òdouble-focussing
stage-scanning microscopeÓ in 1961, few people understood
what it could do. During the 17-year life of the patent, he re-
ceived no royalties, and no instruments of similar design
were manufactured. Unappreciated for his foray into optics,

Minsky moved on to other challenges, leaving his prototype
to rust in a corner of his basement.

Thirty years later his approachÑotherwise known as con-
focal microscopyÑhas caught on with a vengeance. Indeed,
the technology is proving to be one of the most exciting ad-
vances in optical microscopy in this century. The extent to
which current interest was sparked by rediscovery of MinskyÕs
early work or by independent reinvention of his concept by
others is not completely clear. Nevertheless, the happy result
is that scores of diÝerent kinds of confocal microscopes are
now availableÑin forms that range from rudimentary to ba-
roque. Whether researchers need to image the ultrastructure
of potato chips or computer chips, the diseased eye or the
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Confocal Microscopy
For producing sharp two- or three-dimensional images with light, 

this microscopic technique is unsurpassed. It can also be 
applied for seeing deep inside the tissues of living specimens 

by JeÝ W. Lichtman

JEFF W. LICHTMAN, who earned an A.B. from Bowdoin Col-
lege and an M.D. and Ph.D. from Washington University, is pro-
fessor of neurobiology at the Washington University School of
Medicine. He spends most of his time studying long-term chang-
es in the structure and function of synapses. Lichtman is also an
inventor of microscopic equipment; he holds several patents for
confocal microscopes and their components.

PORTRAITS OF POLLEN GRAINS from a sunßower (top) and a
pine (bottom) were made by imaging successive planes in
each fluorescently stained grain with a confocal microscope.
A computer digitized the images, or optical sections, and
combined them. Such digital reconstructions can be viewed
in any orientation; the pine pollen is shown (left to right )
from one side, from the opposite side, rotated 72 degrees rel-
ative to the Þrst position, and from above.

SCIENCE IN PICTURES
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developing brain, confocal microscopy is allowing them to
see their subjects quite literally in a new light.

Minsky, who has been at the Massachusetts Institute of
Technology for many years, developed the technique in the
course of pondering how the human brain works. He rea-
soned that if the connections between all neurons in the brain
could be mapped, the resulting circuit diagram should uncov-
er clues to the brainÕs operation. Unfortunately, anyone who
tries to apply conventional optical microscopy to identify the
tiny interconnections between nerve cells in a slab of cerebral
tissue immediately encounters a serious technical obstacle.

In standard microscopes the magnifying lens or system of
lensesÑcommonly called the objectiveÑboth illuminates and
provides a view of a specimen. As the objective focuses light
on planes underneath the surface of brain tissue (or any

thick, translucent material ), the image rapidly becomes in-
comprehensible. Trying to view neural elements deep in such
tissue is a lot like trying to see an object below the surface
of a muddy pond by shining a ßashlight into the water; the
light is reßected by so many small particles that distinguish-
ing the object from its environment is impossible.

To attain a perfectly sharp representation of a single plane
in a specimen, one would ideally collect light that was reßect-
ed directlyÑand onlyÑfrom the plane of interest. Material
above and below that plane also returns light, however, giv-
ing rise to blurring, a bane of light microscopy. At the same
time, a troublesome phenomenon called scatter can reduce
contrast. Scatter arises when light hits minute particles and
caroms oÝ them into other particles before reaching a de-
tecting surface. Signals produced by such randomly deßect-
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FLUID-FILLED POLYMER MICROCAPSULE (large sphere), about
0.1 millimeter in diameter, was rendered from a stack of opti-
cal sections that included the smaller spheres shown here.
Matthew H. Chestnut of the Procter & Gamble Company made
the images so as to compare the structural integrity of this

capsule with that of others having a diÝerent composition. He
distinguished the shell (green) from the ßuid inside (red ) by
labeling those components with diÝerent dyes. Detailed anal-
ysis of many views revealed no obvious breaks in the shell
but indicated some leakage was occurring.
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ed light convey no meaningful information; they create a
diÝuse glow that can swamp out light coming back from the
plane of interest.

Minsky succeeded in minimizing blurring and enhancing
contrast by making just a few modiÞcations to the standard
microscope. First, he prevented much of the scatter from oc-
curring. He passed the illuminating light through an objective
that focused the rays into an hourglass-shaped beam [see il-

lustration on next page]. And he trained the ÒwaistÓ of this
beamÑa sharp, intense pointÑon a single spot at some se-
lected depth in the specimen. This procedure ensured that
the spot would be the most intensely illuminated point in the
specimen and would thus reßect the most light. Equally im-
portant, by focusing on one spot, Minsky guaranteed that no
light would hit and be scattered by much of the remaining
material in the specimen. In conventional microscopy, in con-
trast, the entire specimen would be lit and free to deßect il-
luminating rays.

The strategy of focusing on a small area limited the total
amount of scatter. But it did not prevent light from being re-
turned and scattered by illuminated tissue lying above and
below the spot of interest (within the hourglass shape of the
beam). By means of a second crucial adjustment, Minsky was
also able to keep much of this extraneous light from reaching
the detecting surface. He knew that the objective focused
light returning from the brightly illuminated spot onto a
plane far above the specimen. He placed a mask containing
a pinhole aperture in that plane, positioning the aperture so
that the return light passed through the aperture to the de-
tecting surface. The eÝect was dramatic: all of the signal from
the brightly illuminated spot in the specimen reached the
detector through the pinhole aperture; at the same time, the
mask Þltered out most of the light emanating from tissue
outside the spot. In consequence, a nearly perfect image of
the spot was formed, essentially undisturbed by scatter and
by blurring from light in out-of-focus areas.

The obvious problem with MinskyÕs Þrst two steps was that
they yielded a sharp image of only a minute dot. To produce
an equally impressive representation of an entire plane, the
young inventor added a Þnal feature: scanning. He moved
the specimen bit by bit in a raster pattern across successive
rows in a plane, so that eventually each point at some given
depth visited the sharply focused illuminating beam and, in
sequence, sent a clear signal through the pinhole aperture to
the detector. He maneuvered the specimen with two electro-
magnetic tuning forks. One moved it across each row, and
the other moved it from one row to the next in the plane. 

In order to see the entire image of a plane, Minsky had light
that passed through the pinhole strike a photomultiplier de-
tector. This detector, in turn, generated a ßow of electrical
signals that yielded an image on a military-surplus, long-per-
sistence radar screen. By lowering or raising the objective
lens and repeating the scanning process, he could view an-
other plane of the specimen on the rather large screen. The
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ACTIVE NEURONS (colored bodies) are highlighted in this
slice of rodent brain tissue that was kept alive artiÞcially.
The picture is a computer-generated compilation of three
confocal images made 12 seconds apart by Michael E. Dailey
and Stephen J Smith of Stanford University. Each time point
was coded by a single colorÑÞrst red, then green and then
blue. The image thus reveals that neurons Þred at diÝerent
times and that some of them were active during two of the
shots (such as the yellow cell) or during all three (white).

THREE-DIMENSIONAL RECONSTRUCTION of a neuron stars
in this Þlmstrip; in each successive frame the structure is ro-
tated some 10 degrees around the vertical axis. The strip

yields a movie of the rotating cell. To view the neuron in three
dimensions, cross your eyes as you look at a pair of images,
focusing each eye on a diÝerent frame.

Copyright 1994 Scientific American, Inc.



44 SCIENTIFIC AMERICAN August 1994

How Confocal Microscopy Works

Confocal microscopes achieve high resolution of a se-
lected plane in a specimen by means of three basic

steps. First, light (yellow in a ) is focused by an objective
lens into an hourglass-shaped beam so that the bright
“waist” of the beam strikes one spot at some chosen
depth in a specimen. Next, light reflected from that spot
(blue) is focused to a point and allowed to pass in its en-
tirety through a pinhole aperture in a mask positioned in
front of a detecting device. Meanwhile the opaque regions
around the pinhole block out most of the rays that would
tend to obscure the resulting image—namely, those re-
flected by illuminated parts of the specimen lying above

(red in b ) and below (orange) the plane of interest. Final-
ly, the light is moved rapidly from point to point in the
specimen until the entire plane has been scanned. The un-
usual clarity provided by the technique is evident in the
micrographs at bottom, which were produced by a con-
ventional (left ) and a confocal (right) microscope. Both
images depict the same mouse muscle, fluorescently la-
beled to highlight sites that are contacted by a motor neu-
ron. To speed the scanning process, some instruments in-
corporate a disk containing hundreds of pinhole apertures
through which light is sent and collected (c ); the disk ro-
tates to ensure that every spot in a plane will be visited.
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choice of a big screen may have been a tactical error. When
Minsky asked friends and colleagues at Harvard to look at
his invention, the observers often had diÛculty interpreting
what they were seeing. As Minsky later deduced, the display
was just too spread out.

ÒI demonstrated the confocal microscope to many visitors,
but they never seemed very much impressed with what they
saw on that radar screen,Ó says Minsky in a 1988 memoir.
ÒOnly later did I realize that it is not enough for an instru-
ment merely to have a high resolving power; one must also
make the image look sharp. Perhaps the human brain re-
quires a certain degree of foveal compression in order to en-
gage its foremost visual abilities. In any case, I should have
used ÞlmÑor at least installed a smaller screen!Ó He did nei-
ther, and perhaps for this reason confocal microscopy lan-
guished for decades.

In spite of the early disinterest, investigators and manu-
facturers have since devised many ways to combine the es-
sential features of confocal microscopyÑillumination of
only a small region of a specimen, passing of the return light
through an aperture aligned with the illuminated region, and
scanning of the specimen. Few versions move the specimen
anymore; in most devices the light beam travels. To increase
the speed of image acquisition, some microscopes move the
light beam with mirrors that pivot, forcing light that strikes
them to ßow swiftly across a specimen in a raster-scan pat-
tern. These mirrors make it possible to reconstruct an image
in less than a second. Such instruments require brighter light
sources than were available to Minsky; after all, they have to
produce a detectable signal from each spot almost instantly.
Lasers, which are very intense and are easily focused to a
Þne point, are widely exploited for this purpose.

Another time-saving strategy deploys multiple spots of
light to scan diÝerent regions of the specimen simultaneous-
ly, much as parallel computers carry out diÝerent operations
at one time. Some of these devices incorporate spinning disks
that contain many apertures through which both the illumi-
nating and the return light pass. Other machines exploit slit-
shaped apertures that shorten scanning time by illuminating
lines rather than just spots. Fast-scanning strategies have
made it possible to view complete planes of a specimen in
real time, often directly through an eyepiece.

Most modern confocal microscopes beneÞt enormously
from another revolutionary advance: development of com-
puters that perform digital imaging processing. As a confocal

microscope scans successive planes in a specimen, it pro-
duces a stack of images, each of which is an optical section;
such sections are analogous to images of Þne slices that have
been physically cut from a specimen. Image-processing pro-
grams record not only the brightness of every spot in every
section but also the spotÕs position in the specimenÑits lo-
cation in a single plane ( its x and y coordinates) as well as
its depth ( its z coordinate). The locales deÞned by the triple
coordinates are called voxels. They are the three-dimension-
al equivalent of pixels in a two-dimensional image.

Image-processing programs can compile voxels into three-
dimensional reconstructions of microscopic objects. They
can also manipulate voxels with ease, allowing reconstructed
images to be rotated around an axis and viewed from any
vantage. The advent of such technology has enabled scien-
tists to readily make observations that would often have
been highly expensive and time-consuming to achieve by oth-
er means. For instance, brain researchers have found com-
puter-linked confocal microscopes to be extremely helpful
for uncovering the detailed structure of the nervous system,
and they are beginning to view living brain tissue with these
devices.

From very modest beginnings, confocal microscopy has
become an ultrasophisticated melding of lasers, optics, elec-
tromechanical scanning and computerized image process-
ing. The result has given microscopists the ability to see into
objects and to create fully dimensional images almost at will.
MinskyÕs dream of mapping brain circuits with microscopy
seems to be occurring after all.
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TEXTURED SURFACE OF A COMPUTER CHIP appears in a
standard light micrograph (left ) and a composite confocal im-
age (right ). In the latter, scans made at three depths have

been superimposed. The deepest layer is green; the topmost
layer, red. The confocal image provides height information
that cannot be gleaned from the conventional micrograph.
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A
n array of detectors close to the 
head of a patient suÝering from 
focal epilepsy picks up tiny mag-

netic-Þeld ßuctuations, pinpointing the
location of the lesion in the brain re-
sponsible for the disorder. A Þve-ton
aluminum bar suspended in a vacuum
chamber at a temperature near abso-
lute zero awaits the minuscule distur-
bance that would signify the arrival of
a gravity wave from a supernova. A lone-
ly instrument in Baja California records
subtle variations in the magnetic Þeld,
helping geophysicists to locate a source
of geothermal energy below the surface.

Each of these disparate measure-
ments is made possible by an instru-
ment called the SQUID, short for super-
conducting quantum interference device.
The SQUID, which picks up changes in
magnetic Þeld, is the most sensitive de-
tector of any kind available to scientists.
Only inherent quantum eÝects set its
limits. It has become by far the most
widely used small-scale superconduct-
ing device. Although it is not a particu-
larly new inventionÑit celebrated its
30th birthday last yearÑit has recently
undergone a revolution in its accessi-
bility. The advent of the high-tempera-
ture superconductors in the late 1980s
has enabled SQUIDs to operate in liq-
uid nitrogen, at a ÒwarmÓ 77 kelvins
(Ð196 degrees Celsius). As such, newer
SQUIDs will be simpler to use and more
widely applicable than those built from

conventional superconductors, which
function only at temperatures near ab-
solute zero.

The SQUID derives its phenomenal
properties from a combination of sev-
eral quantum-mechanical eÝects. The
resistanceless ßow of electric current is
the most apparent. The Dutch physicist
Heike Kamerlingh Onnes earned a Nobel
Prize for his 1911 discovery that mer-
cury became a superconductor when
cooled by liquid helium to 4.2 kelvins.
Subsequently, many metalsÑfor exam-
ple, tin, lead and niobiumÑand a vast
number of alloys were shown to lose
all resistance to current when cooled to
low temperatures.

An explanation of why materials be-
came superconducting was a long time
coming. It waited until 1957, when John
Bardeen, Leon N. Cooper and J. Robert
SchrieÝer published their seminal pa-
per, reporting theoretical work that also
earned a Nobel Prize. The central fea-
ture of their idea, called the BCS theory,
is the Cooper pair : two electrons of op-
posite spin and momentum are bound
together so that they have zero net spin
and momentum. The attractive force
behind this pairing is a subtle interac-
tion between the negative charge of
electrons and the positive charge of ion
cores in the superconducting material.
These ion cores are simply atoms that
have lost one or more of their outer-
most electrons, which become free to
conduct electricity. The ion cores are
pulled in toward an electron as it moves
through the lattice of a solid, creating a
region of enhanced positive charge. This
region attracts another, nearby electron.
The eÝect is analogous to two baseballs
on a water bed: if the indentations
caused by the baseballs overlap, the
baseballs become attracted to each oth-
er. The two electrons are weakly bound
together, with an energy typically of
one millielectron volt.

How do paired electrons move with-
out resistance, whereas single electrons
do not? In ordinary conductors, impuri-
ties, defects and, especially, lattice vibra-

tions called phonons deßect the move-
ment of single electrons. Such scatter-
ing of electrons endows the substance
with resistance. The energy binding the
electrons in a Cooper pair, though low,
is high enough to prevent the pair from
being separated by scattering. Hence,
Cooper pairs propagate through the
material without resistance. Deep cool-
ing is essential because it quiets the lat-
tice vibrations. At higher temperatures,
the thermal energies become large
enough to disrupt the Cooper pair.

A remarkable fact about a supercon-
ductor concerns its wave function. A
wave function is a mathematical tool
physicists use to represent particles in
quantum systems. Like any wave, this
function has both amplitude and
phaseÑa simple example is a sine wave.
It gives the probability for a given parti-
cle to be in a particular place at a par-
ticular time. What is curious about a su-
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SQUIDs
(for superconducting quantum interference devices) are the 

most sensitive detectors of magnetic fields. Their applications 
range from diagnosis of brain tumors to tests of relativity

by John Clarke

JOHN CLARKE is a professor at the
University of California, Berkeley, and a
faculty senior scientist at Lawrence
Berkeley Laboratory. He earned his B.A.
degree in 1964 and his M.A. and Ph.D.
degrees in 1968, all from the University
of Cambridge. Clarke is a fellow of the
Royal Society, the American Physical So-
ciety and the American Association for
the Advancement of Science. He has
spent most of his career working on su-
perconductivity, particularly the devel-
opment of SQUIDs and their applica-
tions to a variety of topics.

SQUID MAGNETOMETER is etched in a
single layer of a high-temperature su-
perconductor. The SQUID itself (photo-
graph ) is about 30 microns wide. The
two grain boundaries that serve as
Josephson junctions (not visible) lie just
above the horizontal strip that runs
across the image. The strip is coupled
to a pickup loop, about eight millime-
ters wide (diagram). 

LEADSPICKUP LOOP

SQUID
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perconductor is that a single wave func-
tion can describe the entire collection
of Cooper pairs. When no current ßows,
all the pairs have the same phaseÑthat
is, they are said to be phase coherent.

A third piece of Nobel-winning work
at the heart of the SQUID comes from
Brian D. Josephson, who predicted the
eÝect that now bears his name. As a re-
search student in 1962 at the Universi-
ty of Cambridge, Josephson considered
two superconductors separated by a
layer of an insulating material, which
acts as a barrier to the ßow of current
[see illustration above ]. The quantum-
mechanical wave functions associated
with the Cooper pairs leak into this Òfor-
biddenÓ region from each side. Provid-
ed the barrier is not too thick, the two
wave functions will overlap. If this over-
lap is suÛciently large, the phases of
the two wave functions Òlock together.Ó
Under these conditions, Cooper pairs
can ÒtunnelÓ through the barrier with-
out breaking up. The junction hence
acts as a weak superconductor. The
critical currentÑthe maximum super-
current that can ßow through the junc-
tionÑdepends on the size of the junc-
tion, the superconducting material and
the temperature.

This phenomenon is described as the
direct-current (dc) Josephson eÝect. Ex-
periments conducted a few months lat-
er veriÞed it. Philip W. Anderson and
John M. Rowell, then at Bell Telephone
Laboratories, made the observations. An
alternating-current (ac) eÝect exists as
well. Here a voltage maintained across
the junction causes the amplitude of
the supercurrent to oscillate in time.

B
eyond their role in SQUIDs, Jo-
sephson junctions have many
other applications. Because they

can switch rapidly from the supercon-
ducting state to the resistive stateÑin
just one or two picosecondsÑthey ap-
pear in experimental ultrafast digital
components, including logic circuits,
shift registers and analog-to-digital con-
verters. Standards laboratories also use
the Josephson junction to maintain the
reference for the volt. Irradiating a junc-
tion with microwaves of a given fre-
quency induces voltage steps. These
steps occur at voltages that are precisely
some integer multiple of that frequency.

Besides zero resistance and the Jo-
sephson eÝect, the SQUID exploits a
third quantum-mechanical phenome-
non: ßux quantization. We are accus-

tomed to thinking of quantization as
something that happens on an atomic
scaleÑfor example, the occupation by
electrons of discrete energy levels as
they move around the nucleus. An anal-
ogous eÝect occurs in superconducting
rings on a macroscopic scale. Suppose a
current ßows around the ring. The cur-
rent produces a magnetic Þeld thread-
ing through the ring. The product of the
magnetic Þeld and the area enclosed
by the ringÑthe magnetic ßuxÑcannot
take on an arbitrary value. It must
equal an integral number of a quantity
called the ßux quantum. A ßux quan-
tum is extremely small: a red blood cor-
puscle, about seven microns in diame-
ter, in the earthÕs magnetic Þeld (about
0.00005 tesla) embraces roughly one
ßux quantum.

A dc SQUID is rather simple. It con-
sists of two Josephson junctions formed
into a superconducting ring [see box on

opposite page]. Applying current to the
SQUID (biasing it) sends Cooper pairs
of electrons tunneling through the junc-
tions. A magnetic Þeld applied to the
ring, however, alters the ßow. SpeciÞ-
cally, it changes the quantum-mechani-
cal phase diÝerence across each of the
two junctions. These phase changes, in
turn, aÝect the critical current of the
SQUID. A progressive increase or de-
crease in the magnetic Þeld causes the
critical current to oscillate between a
maximum value and a minimum one.
The maximum occurs when the ßux ad-
ministered to the SQUID equals an inte-
gral number of ßux quanta through the
ring; the minimum value corresponds
to a half-integral number of quanta.
(The ßux applied to the SQUID can as-
sume any value, unlike the ßux con-
tained within a closed superconducting
ring, which must be an integral num-
ber.) In practice, we do not measure the
current but rather the voltage across
the SQUID, which also swings back and
forth under a steadily changing mag-
netic Þeld.

This quantum interference eÝect pro-
vides us with a digital magnetometer.
Each ÒdigitÓ represents one ßux quan-
tum. In fact, conventional electronics
can detect voltages corresponding to
changes in magnetic ßux of much less
than one ßux quantum. The SQUID in
essence is a ßux-to-voltage transducer,
converting a tiny change in magnetic
ßux into a voltage.

In my early days as a research stu-
dent at Cambridge, my supervisor, Bri-
an Pippard, proposed that I use a SQUID
to make a highly sensitive voltmeter. In
those days, procedures for making Jo-
sephson junctions were in their infancy
and not practicable for manufacturing
instruments. One day early in 1965, over
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JOSEPHSON JUNCTION consists of an insulating barrier separating two supercon-
ductors (a). Cooper pairs of electrons quantum-mechanically tunnel through the
barrier. In a practical realization of the junction (b), an aluminum oxide Þlm, which
acts as the barrier, separates two layers of niobium. This Ò trilayer,Ó grown on a sil-
icon substrate in a vacuum chamber, is subsequently patterned to form individual
Josephson junctions of typically a few microns across.
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the traditional afternoon tea at the Cav-
endish Laboratory, I was discussing this
problem with Paul C. Wraight, a fellow
student. He suggested that a molten
blob of solder (an alloy of lead and tin
that becomes superconducting in liquid
helium) deposited onto a niobium wire
might just conceivably make a Joseph-
son junction. His rationale was that nio-
bium has a native oxide layer that might
behave as a suitable tunnel barrier.

We rushed back to the laboratory,
begged a few inches of niobium wire
from a colleague, melted a blob of sol-
der onto it, attached some leads and
lowered it into liquid helium. As we
hoped, Josephson tunneling! The fact
that WraightÕs idea worked the Þrst time
was important. If it had not, we would
never have bothered to try again. Be-
cause of its appearance, we christened
the device the SLUG. Later I was able to
make a voltmeter that could measure
10 femtovolts (10Ð14 volt), an improve-
ment over conventional semiconductor
voltmeters by a factor of 100,000.

Needless to say, the technology of
SQUID sensors has evolved beyond rec-
ognition in the intervening years. Most
modern dc SQUIDs follow a design pro-
posed by Mark B. Ketchen and JeÝrey
M. Jaycox of the IBM Thomas J. Watson
Research Center. They consist of multi-
ple layers of thin Þlms deposited on
silicon wafers. The photolithographic
and etching techniques of the semicon-
ductor industry pattern these Þlms.
These methods can produce as many as
400 SQUIDs on a four-inch wafer. The
wafer is then diced into individual chips,
each bearing one SQUID. The SQUID it-
self consists of a square washer of nio-
bium that has two Josephson tunnel
junctions. The barriers consist of alu-
minum oxide, an electrical insulator,
grown on top of one of the niobium
layers [see illustration on next page].

J
ust how sensitive is such a SQUID?
A convenient criterion is the ener-
gy associated with the smallest
change in magnetic ßux the device

can detect in one second: typically
about 10Ð32 joule. This incredibly tiny
amount is roughly equal to the mechan-
ical energy required to raise a single
electron one millimeter in the earthÕs
gravitational Þeld. In fact, the best
SQUIDs ever manufactured are 100
times more sensitive than that. They
approach the limit set by HeisenbergÕs
uncertainty principle, which sets fun-
damental boundaries on the accuracy
of measurements.

I should also mention that SQUIDs
based on alternating current exist. This
kind of instrument is known as the ra-
dio-frequency (rf ) SQUID, because it is

biased with a ßux oscillating in the
megahertz range. The device consists
of a single Josephson junction in a su-
perconducting loop, which is coupled
to an inductor connected across a ca-
pacitor. This design forms a so-called
resonant circuit, which is driven by an
rf current. The amplitude of the rf volt-
age across this circuit oscillates in re-
sponse to a magnetic ßux.

Manufacturers sold rf SQUIDs long
before they did dc SQUIDs, even though
the direct-current variety is generally
more sensitive. Presumably, rf SQUIDs
were easier to make, since each one re-
quires only a single junction. Now ad-
vanced thin-Þlm technology allows re-
liable production of large numbers of
junctions. As a result, most SQUIDs sold

today are of the direct-current type.
Nevertheless, rf SQUIDs have not dis-
appeared from the shelves, as many in-
vestigators Þnd them quite adequate.

To take advantage of the extraordi-
nary sensitivity of the SQUID, the de-
vices are almost always coupled to an
input circuit. For magnetometers, this
circuit enhances the SQUIDÕs sensitivity
to magnetic Þelds, often by 100-fold.
This so-called ßux transformer simply
consists of a loop of superconducting
material coupled to a SQUID [see illus-

tration on page 51]. The ßux transform-
er boosts the Þeld sensitivity because
the loop encloses a much larger area
than can a SQUID. An external magnetic
Þeld causes a persistent supercurrent
to circulate in the loop. This current in-
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The Direct-Current SQUID

The direct-current (dc)
SQUID consists of two

Josephson junctions ar-
ranged on a superconduct-
ing ring (a). A current ap-
plied to the SQUID, called 
a bias current, divides be-
tween the junctions and, if
greater than the critical cur-
rent, produces a voltage
across the SQUID. Plotting
this current against the
voltage yields characteristic
curves (b). Steadily increas-
ing the magnetic flux
threading through the ring
(for instance, by bringing in
a small magnet) causes the
critical current to decrease
and then increase succes-
sively. The critical current is
a maximum for zero flux (or
an integer number of flux
quanta) and a minimum for
a half-integer number of
flux quanta. The period of
these oscillations is the flux
quantum (c ). This effect
closely resembles the dou-
ble-slit experiment in optics:
when coherent light (such
as that from a laser) passes
through two parallel slits,
the emerging beams “inter-
fere” with each other to pro-
duce a series of light and
dark fringes. In a supercon-
ductor a single wave func-
tion describes all the Cooper pairs. The wave functions at the two Joseph-
son junctions interfere with each other to produce the current and voltage
swings. In practice, we can detect changes that are smaller than the flux
quantum. A tiny flux signal produces a corresponding voltage swing across
the SQUID, which conventional electronics can measure.
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duces a ßux in the SQUID. With a ßux
transformer, a SQUID can reach fem-
totesla (10Ð15 tesla) resolution. One
femtotesla corresponds to one part in
1011 of the earthÕs magnetic Þeld.

Another variation of this SQUID mag-
netometer is the SQUID gradiometer. It
measures the diÝerence between mag-
netic Þeld values at two diÝerent places,
that is, the gradient. The gradiometer
relies on two ßux-transforming loops
wound in opposite directions. An alter-

native approach employs two SQUID
magnetometers separated by a short
distance; electronic circuitry then sub-
tracts one output from the other to de-
termine how the Þeld changes over this
distance.. This method is particularly
appealing when applied to large arrays
of magnetometers. In one variant, Ro-
ger H. Koch and his colleagues at the
IBM Watson center developed the Òthree-
SQUID gradiometer.Ó In this device the
output of one magnetometer channel
cancels the ambient magnetic noise at
two others, thereby creating a quiet en-
vironment for the gradiometer.

Measuring magnetic-Þeld gradients
is especially useful in medical diagno-
sis : the electric currents in the human
body provide a rich source of time-vary-
ing magnetic signals. The tiny magnetic
signals vary from a few femtoteslas
from the brain to 50,000 femtoteslas
from the heart. Until the development
of SQUIDs, these signals were too weak
to be studied. In addition, ßuctuations
in the earthÕs magnetic Þeld and mag-
netic noise produced by the motion of
elevators and automobiles and, partic-
ularly, by the 60-hertz hum from the
electric grid system overwhelm the
bodyÕs magnetic signals. The SQUID gra-
diometer attenuates background noise
because the sources are usually far from
the patient and tend to be nearly uni-
form. Hence, they evoke only a weak re-
sponse in the SQUID gradiometer, which
is sensitive to nonuniform Þelds. 

In practice, an array of SQUID sen-
sors maps the spatial variation in the
magnetic Þelds produced by the body.
From this contour map, a computer can
reconstruct the region inside the body
that produced the signals. This proce-
dure is entirely noninvasive. During the
past 20 years, the number of SQUIDs in
the array has grown from about seven
to more than 100; recently the Super-
conducting Sensor Laboratory in Inzai
Chiba, Japan, announced a prototype
system consisting of 250 channels. 

Such instruments provide the physi-
cian with crucial information about var-
ious illnesses. For example, in patients
who have focal epilepsy, a relatively lo-
calized electrical discharge in the brain
triggers a seizure. Mapping magnetic-
Þeld spikes by a SQUID array can pin-
point the source of the discharge. When
superposed on an image produced by
magnetic resonance imaging, this source
may correlate with some abnormality,
such as scar tissue. Under favorable cir-
cumstances, the surgeon can excise it or
destroy it with a Ògamma knifeÓÑcolli-
mated gamma rays. In a diÝerent ap-
proach, one evokes a magnetic response
by means of a speciÞc stimulus. For ex-
ample, in San Diego, Eugene C. Hirsch-
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DIRECT-CURRENT SQUID made of conventional superconducting material typical-
ly operates in liquid helium. In its most widely used conÞguration, it consists of
several layers of thin film (diagram ). The body of the SQUID is a square washer of
niobium. A Josephson junction is on each side of the slit at the right edge of the
washer. A 20-turn niobium spiral coil is deposited on an insulating layer; the two
leads at the top of the photograph provide external connections to this coil.
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koÝ of Biomagnetic Technologies and
Christopher C. Gallen of the Scripps Re-
search Institute use a 74-channel SQUID
system to map the response of the cor-
tex surrounding a brain tumor to tac-
tile stimulation.

Another medical application of wide-
spread interest concerns the heart. Car-
diac arrhythmiaÑerratic heartbeatÑ
comes from spurious electrical pathways
connecting the atria and the ventricles,
short-circuiting the normal cardiac sig-
nals. In severe cases, the arrhythmia can
prove fatal. To treat this ailment (with
an electrical discharge from a catheter),
one must localize this pathway, which
can sometimes entail a prolonged search
with one or more catheters. Several
groups, including Gerhard Stroink and
his colleagues at Dalhousie University
in Halifax, and researchers at Siemens
in Erlangen and at the University of 
Erlangen-N�rnberg have shown that
SQUID imaging can localize the site of
the electrical discharge. In this way,
SQUIDs can substantially reduce the
time required to Þnd the anomaly.

Despite the impressive results of bio-
magnetic measurements, the high cost
of multichannel machines has kept them
from achieving general acceptance. Yet
the technology has the potential to re-
duce health care costs dramatically. Lo-
cating the epileptic focus with SQUIDs
may take three hours, whereas the al-
ternative method of implanting elec-
trodes on the surface of the brain may

last as long as one week. The savings
could easily reach $50,000. Similarly,
the removal of a brain tumor without
signiÞcant loss of neural function pre-
vents trauma for the patient as well as
saving the enormous expense of reha-
bilitation. The insurance industry has
begun to accept the cost-savings possi-
bilities of biomagnetic measurements;
eight companies have reimbursed pa-
tients for the presurgical screening of
brain tumors at Scripps. Blanket ap-
proval for the SQUID-based procedure
may emerge by the end of this year.

SQUIDs also play an essential role in
countless nonmedical applications, both
in fundamental science and in routine
measurements. A SQUID recently set
an upper limit on the mass of the pho-
ton ( if it has one at all : conventional
theory dictates that it does not). The
data indicate that the photonÕs mass
must be less than about 10Ð46 gram.
This limit is the strictest yet set in a
cryogenic laboratory experiment.

Another fundamental application of
a SQUID lies in the attempt to detect
gravity waves. Relativity predicts that
such wavesÑdisplacements in space
and timeÑought to be abundant in the
universe. Collapsing stars, black holes
and other movements of dense celestial
bodies should ripple space in all direc-
tions. Researchers try to pick up these
shifts with a giant metal bar. Weighing
typically Þve tons and cooled by liquid
helium, the bar would be sent into mi-

nute longitudinal oscillations by an in-
cident gravity wave. A displacement in
the end of the bar is detected as a ßux
change in a SQUID at a resolution of
10Ð18 meterÑroughly 0.001 the diame-
ter of an atomic nucleus. Indeed, sever-
al gravity-wave antennae are deployed
worldwide. To date, the antennae have
not recorded gravity waves. But the next
generation coming on-line, with per-
haps two orders of magnitude greater
sensitivity, will most likely do so.

Probably the most widespread SQUID-
based system is a sophisticated Òsus-
ceptometer.Ó Manufactured by Quantum
Design in San Diego, the instrument en-
ables scientists to measure the magnet-
ic properties of samples from a few kel-
vins to well above room temperature.
Hundreds of such machines Þgure in
the workplaces of physicists, chemists,
materials scientists and biologists.

A
lthough SQUIDs have proved their 
utility for many years, interest 
in them has recently exploded,

thanks to J. Georg Bednorz and K. Alex-
ander M�ller of the IBM Research Labo-
ratory in Zurich. These researchers dis-
covered the so-called high-temperature
superconductors (which promptly
earned them the fourth Nobel Prize in
the Þeld). Other workers quickly pushed
the transition temperature to over 100
kelvins (Ð173 degrees C).

The popular media heralded this
breakthrough as the greatest scientiÞc
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SQUID-BASED INSTRUMENTS usually need auxiliary compo-
nents. A magnetometer has a Òßux transformer,Ó which con-
sists of a pickup loop connected to the SQUIDÕs input coil.
When a magnetic Þeld is applied, a persistent current devel-
ops in the loop. The current ßows to the input coil, produc-
ing a ßux in the SQUID. In a gradiometer, two pickup loops

are wound in opposite directions to measure the magnetic
Þeld at diÝerent places simultaneously. A ßux develops in
the SQUID only if the Þeld is not the same at those points. In
a SQUID-based voltmeter, a voltage at the input terminals
produces a current equal to this voltage divided by the value
of the resistor connected to the SQUIDÕs input coil.
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revolution since the lightbulb (or, per-
haps, merely the transistor). The hype
promised an almost instant multibil-
lion-dollar business. Of course, as with
all scientiÞc innovations, progress takes
time. Today the only devices commer-
cially available that rely on this break-
through are SQUIDs.

Unlike most conventional supercon-
ductors, the high-temperature materi-
als are ceramics organized in complex
layers. For devices such as the SQUID
at least, the most common material is
an oxide of yttrium, barium and cop-
per. It bears the formula YBa2Cu3O7Ðx,

where x equals approximately 0.15. The
substance is known as YBCO (often pro-

nounced ÒibcoÓ). Its transition temper-
ature is about 90 kelvins, so that it be-
comes a superconductor at the tem-
perature of liquid nitrogen.

Because they are ceramics, the new
superconductors are brittle and diÛcult
to work. Workers cannot readily bend
the wires into shape as they can with
the relatively ductile low-temperature
superconductors. Researchers have de-
vised various schemes to make high-
quality thin Þlms out of them. Of those
approaches, deposition by a high-power
pulsed excimer laser has proved very
useful, not least because the process is
relatively rapid. The laser pulses reside
in the ultraviolet part of the light spec-

trum, with a typical wavelength of 248
nanometers. They strike a rotating YBCO
target mounted in a chamber contain-
ing oxygen. Each pulse vaporizes a
small amount of YBCO, forming a beau-
tiful rose-colored plume. The material
collects on a nearby substrate kept at
about 800 degrees C. The Þlm grows
epitaxiallyÑin other words, its crystal
structure mimics that of the substrateÑ
with the correct chemical makeup.

Besides forming them into thin Þlms,
SQUID makers also need to form Jo-
sephson junctions on the wafer. Inves-
tigators have invented many clever pro-
cesses to form them in high-tempera-
ture compounds. Duane Dimos and his
co-workers at the IBM Watson center
have developed an especially success-
ful method. One starts with a crystal,
usually of strontium titanate, that has
been cut and fused together to produce
a deliberate misorientation of the crys-
tal axes along a line. This dislocation is
called a grain boundary. When the YBCO
Þlm is grown epitaxially on the sub-
strate, it replicates the abrupt change
in crystal orientation. The grain bound-
ary greatly diminishes YBCOÕs super-
current-carrying capability, hence be-
having as a Josephson junction. Anoth-
er successful way of making junctions
calls for an epitaxial sandwich; workers
interpose a thin slice of normal materi-
al between two superconductors.

As with their low-temperature coun-
terparts, high-temperature SQUIDs rely
on a ßux transformer to improve sensi-
tivity to magnetic Þelds. A simple means
of accomplishing this task is to form
the ßux transformer in the same YBCO
layer as the SQUID. A second ßux trans-
former can further enhance the sensi-
tivity. With the latter of these designs,
Dieter Koelle and his co-workers at the
University of California at Berkeley, Law-
rence Berkeley Laboratory and Conduc-
tus, Inc., in Sunnyvale, Calif., achieved a
noise level of about 30 femtoteslas.
Michael M�ck and his colleagues at the
J�lich Research Center in Germany
achieved 24 femtoteslas using a similar
transformer coupled to an rf SQUID. 

It should be noted that SQUIDs op-
erating in liquid nitrogen will never
achieve as good a resolution as can their
counterparts working in liquid helium.
So why are the high-temperature devic-
es creating such a stir? The popular
view was expressed many years ago by
Nobelist Ivar Giaever, now at the Rens-
selaer Polytechnic Institute: liquid heli-
um is as expensive as Scotch, whereas
liquid nitrogen is as cheap as milk.

Although this statement is more or
less true, the heart of the matter is that
liquid nitrogen vaporizes much more
slowly than does liquid helium. Instead
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SQUID IMAGE of George Washington was made by scanning a high-temperature
SQUID over a one-dollar bill. As it scans, the SQUID detects the variations in the
magnetic Þeld produced by the ink particles on the bill.
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of having to reÞll a dewar of liquid he-
lium every few days, one replenishes
the supply of liquid nitrogen every few
weeks. Furthermore, liquid helium is
available only in major metropolitan
areas; in more remote regions of the
world it is an exotic substance that can-
not readily be procured every few days.
Liquid-nitrogen cooling thus oÝers a
superconducting technology that would
otherwise be denied.

T
he growing promise of high-tem-
perature SQUIDs is especially ap-
parent in geophysics research,

which is often conducted in inaccessi-
ble locations. One such application is
in the study of magnetotellurics (Òmag-
netism of the earthÓ). Its practitioners
measure the electrical resistivity of the
ground below the surface to infer the
underlying structure. In essence, very
low frequency (0.001 to 100 hertz) elec-
tromagnetic waves from the upper at-
mosphere propagate down to the earthÕs
surface. The solar wind blowing on the
charged layers in the magnetosphere
or ionosphere generates these waves,
which are reßected by the ground. But
a component of these waves decays
into it. By measuring the tiny ßuctuat-
ing magnetic Þelds (using magnetome-
ters) and electric Þelds (using buried
electrodes), the geophysicist can map
out the resistivity of the earthÕs crust at
depths of as much as several tens of
kilometers. From this information the
researcher infers the subsurface hydrol-
ogy and porosity, seeking valuable clues
on the whereabouts of oil or geother-
mal energy sources. In complementary
techniques the geophysicist supplies
magnetic pulses and measures the re-
sponse. Pulsed methods are widely ap-
plied down exploratory boreholes to
search for oil and may be able to locate
buried hazardous wastes.

The ease granted by liquid nitrogen
will likely encourage the proliferation
of SQUID systems in medicine. Already,
several research groups have used high-
temperature SQUIDs to obtain magne-
tocardiograms and even magnetoen-
cephalograms. An intriguing extension
of the technology may aid fetal cardiol-
ogy. Heart rate variability is one way
physicians assess the health of the fe-
tus, and electrocardiograms can be tak-
en until the seventh or eighth month of
pregnancy. Beyond that period, the sig-
nal declines because the fetus becomes
electrically insulated from the moth-
er. A magnetocardiogram, however, re-
mains unaÝected. Moreover, the superi-
or spatial resolution of magnetic mea-
surements makes distinguishing the fe-
tal signal from the maternal one easier.

Workers have begun to obtain mag-

netic images by sweeping SQUIDs over
an object. Such a Òscanning SQUID mi-
croscopeÓ can resolve objects down to
a few microns wide. This technique has
applications in studying not only mag-
netic materials but also metals and elec-
tronic circuits, which produce magnetic
Þelds when a current ßows. Scientists
are also exploring the use of SQUIDs in
nondestructive testingÑsay, in looking
for corrosion of aluminum sheets rivet-
ed together in aircraft. The SQUID mea-
sures the inßuence of the aircraft skin
on an applied oscillating magnetic Þeld;
a change in electrical conductivity re-
veals the defects.

At this juncture, the most sophisti-
cated high-temperature SQUID com-
mercially available is ÒiMAG,Ó a version

of the single-layer YBCO magnetometer.
Made by Conductus, a complete system
with electronics, dewar and probe sells
for about $10,000. Highly versatile, this
instrument is suitable for laboratory ex-
periments as well as for geophysics and
magnetocardiology studies.

To be sure, such SQUIDs will by no
means replace their low-temperature
cousins in all situations. Gravity-wave
detectors and other applications with
the most demanding requirements will
continue to call for liquid helium. The
liquid nitrogenÐbased devices will, how-
ever, open up a range of possibilities
that were not previously realistic, bring-
ing this wonderfully sensitive technol-
ogy out of the laboratory and research
hospital and into the marketplace.
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A
ll multicellular organisms have 
some relatively primitive defense 
system that distinguishes foreign

pathogens from the body of the host
and eliminates them. In addition, high-
er vertebrates have evolved a more ad-
vanced immune system that can dis-
criminate among pathogens and make
selective responses to each. The advan-
tage of such speciÞc immunity is that
the immune system can rapidly adapt
to those pathogens that are most often
encountered in the local environment.

At the biomolecular level, the immune
systemÕs surveillance of the vertebrate
body depends on a search for anti-
gensÑimmunologic target moleculesÑ
that signal the presence of an invader.
Antigens are not merely pieces of a
pathogen. Rather they are often mole-
cules constructed by the hostÕs cells
from bits of the pathogenÕs proteins
and from cellular proteins called major
histocompatibility complex (MHC) mol-
ecules. The processing and assembly of
antigens are the key to the ßexibility,
the speciÞcity and the thoroughness of
all immune responses.

The creation of antigens and their
presentation on cell surfaces, where the
immune system can inspect them, con-
stitute a complex phenomenon. Re-
searchers already understand many of
the steps in some detail. Interestingly
enough, the processing of antigens is

intimately tied to the mechanisms that
synthesize and recycle all proteins in-
side cells and transport them between
intracellular compartments. Greater un-
derstanding of antigen processing will
therefore clarify what is occurring at 
a molecular level inside both diseased
and healthy cells. The beneÞts of this
work could eventually take the form of
better treatments for a spectrum of ill-
nesses, from infections to cancer.

B
efore continuing with this discus-
sion of antigen processing, it may
be helpful to review brießy some

aspects of how the immune system
works. To make speciÞc responses, the
immune system employs a large popu-
lation of white blood cells called lym-
phocytes. Lymphocytes have surface re-
ceptors that bind with high aÛnity to
antigens. Each lymphocyte expresses
receptors with slightly diÝerent struc-
tures; consequently, each lymphocyte is
speciÞc for just one type of antigen. Im-
munologists estimate that in a typical
human being, the lymphocyte popula-
tion expresses more than 108 distinct
antigen receptors. This repertoire en-
ables the immune system to respond
with exquisite speciÞcity to virtually
any foreign antigen it encounters.

The immune system tailors the qual-
ity of its response to the nature of the
pathogen and the way in which it in-
vades the body. Many bacteria and large
parasites such as worms establish in-
fections in the extracellular spaces of
the body, such as the bloodstream or
intestinal lumen. To control these or-
ganisms, the immune system deploys
soluble antigen receptors called anti-
bodies, which are made by B lympho-
cytes. Antibodies bind directly to a par-
asite and provide a focus for the de-
structive action of other immunologic
molecules and cells.

Viruses and many other bacteria and
protozoan parasites, such as those that
cause malaria, sleeping sickness and
leishmaniasis, are not so easily thwart-
ed. They establish their infections in-

side the hostÕs cells, where antibodies
cannot reach them. To rebuÝ these or-
ganisms, another arm of the immune
system comes into play. The hostÕs cells
carry MHC molecules on their surface.
In infected cells, these MHC molecules
bind to and display small peptides, or
fragments of proteins, that come from
the parasite. The complexes of parasite
peptides and host MHC molecules form
the antigens that can be recognized by
antigen receptors on cytotoxic (killer)
T lymphocytes. In this way, the T lym-
phocytes can identify and kill infected
cells selectively, sparing healthy cells.
One function of MHC-peptide complex-
es, therefore, is as a signal that a cell is
infected.

MHC-peptide complexes are also im-
portant in the regulation of immune re-
sponses. Some specialized cells, such
as the white cells called macrophages,
roam the body, ingesting extracellular
materials they Þnd, degrading them to
produce peptides and presenting the
peptides as antigens. These antigen-
presenting cells travel from sites of in-
fection to the lymph nodes, where they
recruit lymphocytes for the immune re-
sponse; in eÝect, the antigen-present-
ing cells are like messengers from the
front lines of battle. When helper T lym-
phocytes recognize an MHC-peptide
complex on these antigen-presenting
cells, they secrete hormonelike mole-
cules (lymphokines) that promote the
diÝerentiation of immune system cells.

Thus, the recognition of an MHC-pep-
tide complex on the surface of a cell is
a critical event in the initiation of all im-
mune responses and, particularly, in the
eÝective elimination of intracellular par-
asites. During the past 20 years, immu-
nologists around the world have sought
to discover how the complex between
an MHC molecule and a peptide forms.
These studies have led to an under-
standing of how the structure of MHC
molecules enables them to bind to many
diÝerent peptides from the extraordi-
nary variety of infectious agents that
an organism encounters.
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How Cells Process Antigens
Cells alert the immune system to the presence of infections 

by displaying molecular complexes made from bits 
of their own proteins and those of invading organisms

by Victor H. Engelhard
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of antigen processing. In 1993 he and
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pathway for class I antigen processing.
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MACROPHAGE INGESTS BACTERIA as part of the immune re-
sponse to infection. Inside this white blood cell, bacterial pro-
teins are degraded into peptides and presented as antigens

by specialized molecules on the cellÕs surface. The ways in
which cells turn their own and foreign proteins into antigens
have gradually been revealed in recent decades.
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MHC molecules were originally identi-
Þed by investigators working on tissue
transplantation. In the 1930s George D.
Snell of Jackson Laboratories in Bar Har-
bor, Me., and Peter A. Gorer of the Lister
Institute of Preventive Medicine in Mid-
dlesex, England, described a locus, or
genetic position, on chromosome 17 of
mice that was the primary determinant
of whether tissues transplanted from
one strain of mouse to another would
be accepted or rejected. They designat-
ed this locus H-2. (The H stands for
Òhistocompatibility,Ó a term meaning
Òtissue acceptance.Ó) A similar genetic
locus in humans was deÞned in the
1950s by Jean Dausset of the Universi-
ty of Paris and others.

Further work in many laboratories
showed that H-2 contained many genes
for transplantation antigensÑproteins
that are expressed on the surface of
cells and can be recognized by the im-
mune system. The name Òmajor histo-
compatibility complexÓ was coined to
reßect the importance of this closely
linked group of genes in graft rejection
and acceptance. (Historically, the hu-
man versions of these molecules have
often been called human leukocyte anti-
gens, or HLAs, but MHC is now accept-
ed as a general label.)

Structural studies showed that the
transplantation antigens encoded by
the MHC genes are of two fundamental
types, designated class I and class II
molecules. Each of these MHC classes is
highly diverse: mouse and human pop-
ulations contain more than 100 forms
of the molecules, although individuals
typically express only between three
and six of each class.

The physiological function of MHC
molecules became apparent only in the
late 1960s. Working independently, Ba-
ruj Benacerraf of New York University
and Hugh O. McDevitt (initially working
in Israel and later at Harvard Universi-
ty) found that some individual guinea

pigs and mice could make antibodies
against certain simple protein antigens
but that other individuals could not. Us-
ing many inbred strains of mice, McDe-
vitt showed that ÒresponsivenessÓ and
ÒunresponsivenessÓ were genetically
determined traits that depended on the
particular type of class II MHC mole-
cules expressed by the mice.

Similarly, in 1974 Rolf Zinkernagel
and Peter Doherty of the John Curtin
School of Medical Research in Canberra
discovered that some inbred strains of
mice died if they were infected intrace-
rebrally with the virus for lymphocytic
choriomeningitis, whereas others lived.
In response to the virus, the casualties
were producing cytotoxic T lympho-
cytes that attacked the infected ner-
vous system. (Ironically, T lymphocytes
usually protect the body from harm,
but in this case they were engaging in a
deadly autoimmune reaction.) As the
researchers showed, the ability to pro-
duce those T lymphocytes was linked
to the expression of a particular set of
class I MHC molecules by the mice.

Z
inkernagel and Doherty then
made a critical advance by dem-
onstrating that T lymphocytes

isolated from one mouse could recog-
nize virally infected cells from a sec-
ond mouseÑbut only if both mice ex-
pressed the same class I molecules. In
short, the immune response could oc-
cur only if both the right antigen and
the right MHC molecule were present.
This dual requirement for a foreign
antigen and an appropriate MHC mole-
cule was termed MHC-restricted recog-
nition of antigen.

Several groups, most notably those
of Alan S. Rosenthal of the National In-
stitutes of Health and David H. Katz of
Harvard, demonstrated that MHC-re-
stricted antigen recognition also ex-
plained McDevittÕs observations of im-
mune responsiveness. B cells did not

produce antibodies against McDevittÕs
simple protein antigens unless they
were stimulated by the helper T lym-
phocytes. Those T lymphocytes recog-
nized only the antigen-presenting cells
that had been exposed to the protein
antigen and that oÝered the appropri-
ate class II MHC molecules.

For the next 10 years, many groups
of researchers attempted to understand
how T cells recognized both the antigen
and the MHC molecules. Separate stud-
ies conducted in the laboratories of Emil
R. Unanue, Þrst at Harvard and later at
Washington University, and of Howard
M. Grey of the National Jewish Center
for Immunology and Respiratory Medi-
cine in Denver provided a seminal break-
through. They discovered that to stimu-
late an immune response, extracellular
proteins must Þrst be endocytosed (in-
gested) and broken into peptides by an
antigen-presenting cell. These peptides
then bind to class II MHC molecules and
appear on the cell surface as a complex
that helper T cells can recognize. This
sequence of eventsÑthe ingestion of
antigens, their fragmentation into pep-
tides and their binding to MHC mole-
culesÑwas called antigen processing.

Class I MHC molecules are also in-
volved in antigen processing. As Alain
R. M. Townsend of John RadcliÝe Hos-
pital in Oxford, England, learned, cyto-
toxic T lymphocytes identify virally in-
fected cells by looking for viral peptides
presented by a class I MHC molecule.
Further work done in the laboratories of
Thomas J. Braciale of Washington Uni-
versity and Michael J. Bevan of the
Scripps Research Institute established
that all the peptides naturally present-
ed by class I MHC molecules are derived
from proteins in a cellÕs cytoplasm.

All these results and others indicate
that the two kinds of MHC molecules
sample antigens that are processed in
diÝerent intracellular compartments.
The peptides associated with class I
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RECOGNITION OF ANTIGENS regulates immune responses.
When helper T cells recognize an antigen complex on a mac-
rophage or other specialized presenting cell, the T cells re-
lease chemical signals called lymphokines. Those signals can

direct B cells to release antibodies against extracellular bacte-
ria (left ) or cytotoxic T lymphocytes to attack cells infected
with viruses (right ). Antigen complexes also allow the cyto-
toxic T cells to identify their targets.
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MHC molecules have invariably been
found to originate from a cellÕs own
proteins. The source proteins for class
IIÐassociated peptides are sometimes
found to be in the medium in which a
cell grows. More frequently, however,
those peptides come from proteins lo-
cated on the outer membrane.

An important implication of those
observations is that most of the MHC
molecules on a cell are presenting pep-
tides from normal cellular proteins and
not ones from pathogens. Even when a
cell has ingested a foreign antigen or
been infected, the number of MHC mol-
ecules presenting those alien peptides
is only a small fraction of the total.

T
he ability of MHC molecules to
bind to speciÞc peptides and to
participate in antigen processing

is a consequence of their structure and
synthesis. Both classes of MHC mole-
cules are composed of two protein sub-
units. The class I molecules each con-
sist of one heavy protein chain and a
much smaller light chain called §2m.
The two chains in the class II molecule
are of roughly the same size and are
smaller than the class I heavy chain.

Notwithstanding those diÝerences, x-
ray crystallographic analyses by Don C.
Wiley of Harvard and his colleagues

have revealed that class I and II MHC
molecules have strikingly similar struc-
tures. Both types feature a deep cleft in
their top surface into which peptides
bind. The structure of the cleft itself is
complex and contains several pockets
that can interact with diÝerent parts of
a peptide. DiÝerences in the shapes
and properties of these pockets endow
the various forms of MHC molecules
with their selective aÛnity for certain
peptides.

Many molecular immunologists and
protein chemists are still trying to un-
derstand more precisely what deter-
mines those aÛnities. Crystallographic
studies have given some clues about
the binding between peptides and the
MHC molecules. Taking an alternative
approach, immunochemists have also
looked for features common to all the
peptides that bind to one form of MHC
molecule, although the structural com-
plexity of peptides makes that work
diÛcult.

Tandem mass spectrometry has
greatly advanced the eÝort. In this tech-
nique, peptides are extracted from MHC
molecules in acid, puriÞed and then run
through a mass spectrometer, which can
be used to determine the amino acid se-
quences constituting each of the pep-
tides. Robert A. Henderson, Eric L. Hucz-

ko and Ye Chen in my laboratory and
Andrea L. Cox, Hanspeter Michel, Wan-
da M. Bodnar, Theresa A. Davis and Jef-
frey Shabanowitz in the laboratory of
Donald F. Hunt of the University of Vir-
ginia are among the practitioners of this
technique. They have used it to analyze
the structure of peptides associated
with several human class I MHC mole-
cules. Those studies have conÞrmed
that MHC molecules can bind to an ex-
traordinarily diverse set of peptides. A
human cell has between a half million
and a million class I molecules of a sin-
gle form; we estimate those molecules
present more than 10,000 diÝerent pep-
tides and perhaps as many as 100,000.

W
e and others have found that
most of the peptides associat-
ed with a particular class I

form share some simple structural mo-
tifs, or features, that support binding.
Peptides that bind to class I MHC mole-
cules are usually eight or nine amino
acid residues long. That length seems
to be optimal for allowing the two ends
of a peptideÑthe amino and carboxyl
terminalsÑto Þt into pockets at oppo-
site ends of the MHC binding cleft.

Amino acids at certain positions in
the peptides are also highly conserved.
For example, most of the peptides that
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ANTIGEN COMPLEXES of major histocompatibility complex
(MHC) molecules and peptides can be recognized by T lym-
phocytes. Class I MHC molecules, found on all nucleated body
cells, can present peptides from viruses. T cells respond to

such complexes by killing the infected cell (left ). Class II MHC
molecules, found only on antigen-presenting cells, present
peptides scavenged from extracellular proteins. These com-
plexes trigger the release of lymphokines (right ).
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bind to a human class I molecule called
HLA-A2.1 have the amino acid leucine
in the second position from their ami-
no terminus; at the carboxyl end of the
molecule, the last amino acid is always
uncharged and hydrophobic. Converse-
ly, the peptides that bind to the human
class I molecule HLA-B27 have the ami-
no acid arginine in the second position
and end with a residue that is positive-
ly charged and hydrophilic.

Such information, as well as other
structural data, has painted a fairly
simple picture of how peptides bind to
class I MHC molecules. The two ends of
the peptide and two or three additional
amino acid residues Þt into well-sepa-
rated pockets in the MHC binding cleft.
Those connections provide most of the

binding energy between the molecules.
The rest of the peptide chain extends
above the surface of the cleft and is not
strongly constrained by interactions
with the MHC molecule, which means
that the latter can accommodate a wide
variety of peptide structures. Many pep-
tides derived from the proteins of path-
ogens have structural motifs that would
allow them to bind to an MHC molecule
under the right circumstances. Indeed,
using this motif information, investiga-
tors have in a few cases been able to
predict which peptide an MHC molecule
on an infected cell would present.

T
he peptide binding site of class II
molecules is similar to that of
class I molecules, but the diÝer-

ences are signiÞcant. Most important,
the binding cleft of class II molecules
lacks pockets for speciÞcally grabbing
the ends of a peptide. Instead most of
the binding takes place in the middle
of the cleft and, therefore, more toward
the middle of the bound peptide. As a
consequence, the peptides associated
with class II molecules exhibit greater
variation in length and are on average
considerably longer than those associ-
ated with class I. Many peptides associ-
ated with any given form of class II
molecule make up a nested set: that is,
they share a core sequence of amino
acids (which bind within the MHC cleft)
and vary only in the lengths of their
amino and carboxyl terminal ends.

The binding cleft of class II molecules
contains more centrally located pock-
ets than those of class I molecules, but

so far much less is known about their
importance in constraining which ami-
no acid features a peptide must have.
As a result, structural motifs that would
make it possible to predict reliably
which peptides would bind to a class II
MHC molecule are now only beginning
to be deÞned.

Association with peptides is a nor-
mal step in the biosynthesis and as-
sembly of both class I and II MHC mol-
ecules. But just as the sources of the
peptides for each class diÝer, so, too,
do the mechanisms for their assembly.

After the heavy-chain and §2m light-
chain subunits that make up the class I
molecules are synthesized, they join to-
gether inside the membranous organ-
elle called the endoplasmic reticulum.
If §2m is not present, the heavy chain
cannot fold into its proper conforma-
tion. It therefore cannot move through
another organelle, the Golgi apparatus,
and be routed to its Þnal destination
on the cell surface. As recent research
has now made clear, the heavy chainÐ 
§2m complex must also bind to a pep-
tide while inside the endoplasmic retic-
ulum to make this trip.

Townsend and Klaus K�rre of the Ka-
rolinska Institute in Stockholm demon-
strated that point most elegantly. They
identiÞed mutant cells that had only 5
percent of the standard number of class
I MHC molecules on their surface even
though they were synthesizing heavy
chains and §2m light chains in the nor-
mal amounts. The chains turned out to
be unfolded and trapped in the endo-
plasmic reticulum. When Townsend and
K�rre added the appropriate peptides
to these cells, the chains folded correct-
ly, and the cells expressed more normal
levels of class I molecules. Thus, pep-
tides stabilize the interactions of the
heavy and light chains, acting in many
ways as a third subunit of the class I
molecule.

The identiÞcation of mutant cells, like
those studied by Townsend and K�rre,
in which peptides fail to associate with
class I MHC molecules, spurred several
laboratories to investigate the defect.
In late 1990 four groups simultaneous-
ly identiÞed two genes in the MHC that
encode transport proteins. These pro-
teins are members of an extensive fam-
ily of similar molecules that help to
transport small molecules across cell
membranes in diverse organisms. Re-
searchers hypothesized that the new
MHC-associated proteins carried pep-
tides from the cytoplasm into the en-
doplasmic reticulum. They aptly named
the molecule made by the genes TAP
(for Transporter associated with Anti-
gen Processing).

Follow-up studies have revealed that
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CLASS I MHC molecules consist of a
heavy subunit and a lighter §2m sub-
unit (bottom). As seen from above, a
cleft at the top of the molecule holds a
peptide, which is typically about nine
amino residues long (middle). The ends
of the peptide are held in place by
bonds (dotted lines) within pockets at
the edges of the cleft (top).
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all the known lines of mutant cells that
exhibit faulty antigen processing of this
type have defects in one or the other of
these TAP genes. A variety of other ex-
periments have also supported the hy-
pothesis, including a direct demonstra-
tion that membrane vesicles containing
TAP catalyzed the transport of small
peptides.

How are the peptides transported by
TAP made? A deÞnite answer is still un-
known, but a strong circumstantial case
can be made for the involvement of an
enzymatic complex called the protea-
some. Proteasomes are large cylindrical
structures found in many compart-
ments of a cell. They are an amalgama-
tion of several diÝerent proteases, or
protein-splitting enzymes, and they ap-
pear to be a cellÕs principal mechanism
for degrading proteins that have either
outlived their usefulness, been dam-
aged or been folded incorrectly.

John J. Monaco of the Medical College
of Virginia has performed some of the
most intriguing studies of proteasomes.
He demonstrated that two subunits
sometimes found in proteasomes are
encoded by genes in the MHC that are
immediately adjacent to those for TAP.
Normally, only about 10 percent of the
proteasomes in cells contain these sub-
units. But if a cell is exposed to gamma-
interferon, a lymphokine released dur-
ing immune responses, the cellÕs expres-
sion of these subunits increases, and
they are associated with more protea-
somes. (The cellÕs expression of MHC
molecules and TAP also increases.)

Kenneth L. Rock and Alfred L. Gold-
berg of Harvard have recently shown
that the inclusion of these subunits in
a proteasome causes it to produce pep-
tides that end in basic or hydrophobic
amino acidsÑexactly the types to which
most class I molecules bind. Whether
the two subunits also alter the length of
the produced peptides to the optimum
size for class I molecules is not known.
Nevertheless, it is tempting to believe
that proteins made in the cytoplasm
are degraded by proteasomes and trans-
ported by TAP into the endoplasmic re-
ticulum, where they can bind to class I
MHC molecules.

One curious observation, however, is
that many mutant cells that lack one or
both components of TAP still express
fairly high levels of some forms of class
I MHC molecules on their surface. Hen-
derson in my laboratory and Michel in
HuntÕs laboratory at the University of
Virginia both looked at why that is the
case. They discovered that on these
cells, the peptides associated with the
class I molecules all seem to come from
the signal sequences of cellular proteins.
Signal sequences are features common-

ly found at the amino terminal ends of
newly synthesized proteins that are
heading to the cell surface or other in-
ternal cellular compartments. When the
organelles called ribosomes synthesize
such proteins, these sequences ensure
that the ribosomes will attach to the
endoplasmic reticulum before the pro-
tein is completed. In eÝect, the signal
sequences help to direct the new pro-
teins down the path toward their Þnal
destinations.

As the protein extrudes into the en-
doplasmic reticulum, an enzyme clips
the signal sequence from its front end.
Once freed in this way, the signal se-
quences in the endoplasmic reticulum
provide a ready source of peptides that
could associate with class I MHC mole-
cules, thereby circumventing the anti-
gen-processing defects in the mutant
cell. Researchers have learned that at
least two peptides recognized by T lym-
phocytes are derived from signal se-
quences, which indicates that this alter-
nate antigen-processing pathway may
be quite important.

G
iven that both the class I and II
MHC molecules assemble inside
the endoplasmic reticulum, it is

surprising that they do not bind to the
same peptides. Part of the reason may
be that the peptides transported into
the endoplasmic reticulum by TAP do
not have structural features that would
enable them to bind to class II mole-
cules stably.

Perhaps a more cogent reason, how-

ever, is that immediately after their syn-
thesis, the class II subunits associate
with a third molecule, called the invari-
ant chain, or Ii. The invariant chain pre-
vents peptides from binding to class II
molecules, either by directly interfering
with peptide binding or by keeping the
class II molecules in a partially unfold-
ed state. It also redirects class II MHC
molecules along a path to the cell sur-
face that class I molecules and most
other surface membrane proteins do
not follow: through the Golgi appara-
tus and into endosomes.

Endosomes are membrane vesicles
formed by invaginations of the cell-sur-
face membrane. They therefore often
contain surface proteins and their asso-
ciated ligands (the molecules to which
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CLASS II MHC molecules have alpha and
beta subunits that are nearly the same
size (bottom). These molecules also hold
peptides in a cleft (middle). These pep-
tides, however, are gripped primarily
by bonds near the center of the cleft
(top). The peptides bound by class II
molecules are therefore generally long-
er and of more variable length than
those associated with class I.
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they bind). As endosomes pass through
the cell, their interior becomes acidic,
and they accumulate proteases that de-
grade many of the encapsulated surface
proteins and ligands. Ultimately, endo-
somes recycle to the surface membrane,
fuse with it and return their contents
to the surface.

Peter Cresswell of Duke University
found that when class IIÐIi complexes
move into endosomes, the movement
of the vesicles toward the surface stops
for up to six hours. During this time,
endosomal proteases digest the invari-
ant chain, which frees the class II mole-
cules to bind to other peptides in the
vesicle. Many of those peptides are of
course derived from extracellular sourc-
es. Finally, the class IIÐpeptide complex-
es move out to the cell surface.

Another interesting point about the
formation of class IIÐpeptide complex-
es was learned by looking at certain mu-
tant cells created by Elizabeth D. Mul-
lins and Donald A. Pious of the Univer-
sity of Washington. On the surface of
these cells, the class II molecules have
an oddly ßoppy, easily denatured form.
The appearance and behavior of these
molecules resemble that of newly syn-
thesized class II molecules in the endo-
plasmic reticulum. One might naturally
presume that these ßoppy surface mol-
ecules also lack a stabilizing peptide.
Yet direct isolation of the molecules
from the mutants has shown that is

not the case: the ßoppy molecules are
bound to a set of peptides derived from
one small region of the invariant chain.
These peptides are called CLIPs (class
IIÐassociated invariant chain peptides).

The mutation in these cells seems to
interfere with the ability of class II MHC
molecules to bind to any peptides oth-
er than those from the invariant chain.
In independent experiments, Mullins
and Pious recently showed that the de-
fect in these cells aÝects a newly iden-
tiÞed molecule, called DM, that is struc-
turally related to but distinct from con-
ventional class II molecules. Before their
work, the function of DM was complete-
ly unknown.

The exact roles of the CLIPs and DM
in the normal processing pathway for
class II molecules are not yet under-
stood. One attractive hypothesis is that
CLIP is the part of the invariant chain
that physically occupies the peptide
binding cleft on the class II molecule or
that at least alters the structure of the
class II molecule to prevent other pep-
tides from binding. After the invariant
chain is degraded in the endosome,
CLIP still remains associated with the
class II molecule until it is actively re-
moved by DM.

As we have seen, the antigen-process-
ing mechanisms create a representative
sample of peptides from the plethora of
proteins that a cell makes and ingests.
The display of those peptides on MHC

molecules in turn allows the immune
system to identify and destroy cells
that are havens for infectious agents or
are otherwise abnormal.

MHC molecules must be able to pre-
sent many foreign peptides and do so
in such a way that the complex looks
diÝerent from one formed with a simi-
lar host peptide. That requirement prob-
ably explains why individuals express
several forms of class I and II MHC
molecules and why the population con-
tains hundreds of forms. Some of
those forms are more likely than oth-
ers to bind to peptides from speciÞc
pathogens.

R
eal examples of the signiÞcance
of MHC variety are beginning to
appear in the literature. A few

years ago Adrian Hill of the University
of Oxford and his colleagues found evi-
dence that in humans, susceptibility to
malaria varies with the expression of
certain class I MHC molecules. Those
forms of class I molecules that seem to
confer the greatest resistance are espe-
cially common among people living
where malaria is widespread, as natu-
ral selection would dictate.

As might be expected, however, a few
pathogens have learned to Þght back
against the antigen-processing system
that routinely frustrates them. Several
kinds of viruses, for example, can sup-
press the expression of MHC molecules
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CLASS I ANTIGEN PATHWAY (left ) typically begins with in-
tracellular proteins, such as those from viral infections, being
reduced to peptides by proteasomes. These peptides are then
carried into the endoplasmic reticulum by a transporter pro-
tein, TAP. Inside the endoplasmic reticulum, the peptides and
the partially folded class I subunits associate into a folded

MHC-peptide complex. This complex is routed through the
Golgi complex and carried to the cell surface. In a variation
on this pathway discovered by the author and his colleagues
(right ), the peptides can originate with the signal sequences
that are clipped from the beginnings of cellular proteins be-
ing assembled in the endoplasmic reticulum.
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during the early stages of an infection.
Many kinds of adenoviruses make a
molecule that binds to newly synthe-
sized class I molecules in the endoplas-
mic reticulum and prevents their ex-
pression on the cell surface. Other 
adenoviruses make a molecule that in-
terferes with the expression of the class
I gene. Interference with the surface ex-
pression of class I MHC molecules has
now also been described for cytomega-
loviruses and herpes simplex virus, al-
though the mechanisms they employ
are not yet known. Notwithstanding
these examples, in general, antigen pro-
cessing enables the immune system to
control infections extremely well.

It may also be relevant to controlling
cancer. Because many tumors express
mutated proteins, the immune system
may look for peptides derived from
such proteins as indicators that a cell
has been transformed and is on its way
to creating a tumor. Many tumors have
been identiÞed in which expression of
class I MHC molecules is reduced. Ex-
perimental manipulations that increase
MHC expression often make these tu-
mors more controllable by the immune
system. Some recent evidence also sug-
gests that a few types of tumor cells
may lower their expression of TAP,
presumably to avoid recognition by T
lymphocytes.

The nature of the peptides that tu-
mor-speciÞc T lymphocytes can recog-
nize is just now being unraveled. Thier-
ry Boon and his colleagues at the Lud-
wig Institute for Cancer Research in
Brussels have looked in some detail at
T lymphocytes that recognize human

melanoma cells [see ÒTeaching the Im-
mune System to Fight Cancer,Ó by
Thierry Boon; SCIENTIFIC AMERICAN,
March 1993]. They have shown that one
target of the T cells appears to be a set
of peptides from a protein called MAGE-
1, which is expressed in a variety of tu-
mors but is almost undetectable in nor-
mal tissue. Boon, Steven A. Rosenberg
of the National Cancer Institute and my
colleagues and I at the University of
Virginia have also identiÞed antigenic
peptides that arise from three proteins
that both normal melanocytes and
melanoma tumor cells express.

These results suggest that the eÝec-
tiveness of antitumor immunity may
be limited in part by the availability of
unusual target peptides in tumor cells.
One approach to augmenting antitu-
mor immunity will certainly involve the
further identiÞcation of class IÐpeptide
complexes on tumor cells that T cells
can recognize, as well as the develop-
ment of strategies to increase their 
immunogenicity.

Perversely enough, there seem to be
instances in which the power of the an-
tigen-processing system works against
the health of the body. Over the past
decade, researchers have made the
thought-provoking discovery that the
expression of certain class II MHC mol-
ecules is linked to many autoimmune
diseases, such as juvenile-onset diabe-
tes and rheumatoid arthritis, in which
the immune system tragically attacks
the hostÕs tissues. These MHC molecules
are presumably presenting peptides
from the host and precipitating these
immune attacks. The immune system

has mechanisms that normally prevent
such presentations or halt the destruc-
tive responses they would elicit. Why
the mechanisms fail in these cases is
still a puzzle.

How the presentation of peptides
from host and foreign sources is linked
to the development of these conditions
is among the most intriguing questions
facing immunologists today. As the de-
tails become clearer, immunologists
may eventually be able to design thera-
pies that can selectively manipulate an-
tigen processing. We may someday be
able to block the presentation of anti-
gens that exacerbate autoimmune dis-
eases or enhance the processing of an-
tigens that would reveal infections or
tumors. For the moment, however, the
mysteries at hand are more than enough
to keep immunologists well occupied.
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L
ate in 1987 scientists faced a baf-

ßing series of marine catastro-
phes. First, 14 humpback whales

died in Cape Cod Bay, Mass., during a
Þve-week period. This die-oÝ, equiva-
lent to 50 years of ÒnaturalÓ mortality,
was not a stranding, in which healthy
whales beach themselves. Instead the
cetaceans died at seaÑsome rapidlyÑ
and then washed ashore. Postmortem
examinations showed that the whales
had been well immediately before their
deaths and that many of them had abun-
dant blubber and Þsh in their stomachs,
evidence of recent feeding. Alarmed and
saddened, the public and press blamed
pollution or a chemical spill for the
mysterious deaths.

Two more mass poisonings occurred
that month, but the victims in these new
cases were humans. Fishermen and
beachgoers along the North Carolina
coast started complaining of respirato-
ry problems and eye irritation. Within
days, residents and visitors who had
eaten local shellÞsh experienced diar-
rhea, dizziness and other symptoms
suggesting neurotoxic poisoning. The
illnesses bewildered epidemiologists
and even prompted public conjecture
that a nearby sunken submarine was
leaking poison gas.

Concurrently, hospitals in Canada
began admitting patients suÝering
from disorientation, vomiting, diarrhea
and abdominal cramps. All had eaten

mussels from Prince Edward Island. Al-
though Canadian authorities had dealt
with shellÞsh poisoning outbreaks for
decades, these symptoms were unfa-
miliar and disturbing: some patients
exhibited permanent short-term mem-
ory loss. They could remember address-
es but could not recall their most re-
cent meal, for example. The oÛcials
quickly restricted the sale and distribu-
tion of mussels but eventually reported
three deaths and 105 cases of acute
poisoning in humans.

We now know that these seemingly
unrelated events were all caused, either
directly or indirectly, by toxic, single-
celled algae called phytoplanktonÑvast
blooms of which are commonly referred
to as red tides. Although red tides have
been recorded throughout history, the
incidents mentioned above were entire-
ly unexpected. As we shall see, they il-
lustrate several major issues that have
begun to challenge the scientiÞc and
regulatory communities.

Indeed, there is a conviction among
many experts that the scale and com-
plexity of this natural phenomenon are
expanding. They note that the number
of toxic blooms, the economic losses
from them, the types of resources af-
fected and the kinds of toxins and tox-
ic species have all increased. Is this ex-
pansion real? Is it a global epidemic, as
some claim? Is it related to human ac-
tivities, such as rising coastal pollution?
Or is it a result of increased scientiÞc
awareness and improved surveillance
or analytical capabilities? To address
these issues, we must understand the
physiological, toxicological and ecolog-
ical mechanisms underlying the growth
and proliferation of red tide algae and
the manner in which they cause harm.

Certain blooms of algae are termed
red tides when the tiny pigmented
plants grow in such abundance that
they change the color of the seawater
to red, brown or even green. The name
is misleading, however, because many
toxic events are called red tides even
when the waters show no discoloration.

Likewise, an accumulation of nontoxic,
harmless algae can change the color of
ocean water. The picture is even more
complicated: some phytoplankton nei-
ther discolor the water nor produce
toxins but kill marine animals in other
ways. Many diverse phenomena thus
fall under the Òred tideÓ rubric.

O
f the thousands of living phyto-
plankton species that make up
the base of the marine food

web, only a few dozen are known to be
toxic. Most are dinoßagellates, prymne-
siophytes or chloromonads. A bloom
develops when these single-celled algae
photosynthesize and multiply, convert-
ing dissolved nutrients and sunlight
into plant biomass. The dominant mode
of reproduction is simple asexual Þs-
sionÑone cell grows larger, then divides
into two cells, the two split into four,
and so on. Barring a shortage of nutri-
ents or light, or heavy grazing by tiny
zooplankton that consume the algae,
the populationÕs size can increase rapid-
ly. In some cases, a milliliter of seawater
can contain tens or hundreds of thou-
sands of algal cells. Spread over large
areas, the phenomenon can be both vi-
sually spectacular and catastrophic.

Some species switch to sexual repro-
duction when nutrients are scarce. They
form thick-walled, dormant cells, called
cysts, that settle on the seaßoor and can
survive there for years. When favorable
growth conditions return, cysts germi-
nate and reinoculate the water with
swimming cells that can then bloom.
Although not all red tide species form
cysts, many do, and this transformation
explains important aspects of their ecol-
ogy and biogeography. The timing and
location of a bloom can depend on

62 SCIENTIFIC AMERICAN August 1994

DONALD M. ANDERSON is a Senior
Scientist at the Woods Hole Oceano-
graphic Institution. In 1977 he earned a
doctorate in aquatic sciences from the
department of civil engineering at the
Massachusetts Institute of Technology.
Anderson studies the physiological and
genetic regulation of toxicity in dinoßa-
gellates, their bloom dynamics and the
global biogeography of toxic Alexandri-
um species. He also participates in vari-
ous international programs for coopera-
tive research and training on red tides,
marine biotoxins and harmful algae.

Red Tides
Many experts believe these blooms of toxic algae 

have recently become more prevalent, posing 
a greater threat to human and marine health

by Donald M. Anderson

RED TIDES appear when pigmented al-
gae proliferate and form blooms. Even
nontoxic species, including Noctiluca,
shown blooming in a Japanese harbor,
can kill marine animals by depleting the
oxygen in shallow waters.
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when the cysts germinate and where
they were deposited, respectively. Cyst
production facilitates species dispersal
as well; blooms carried into new waters
by currents or other means can deposit
ÒseedÓ populations to colonize previ-
ously unaÝected areas.

A dramatic example of natural dis-
persal occurred in 1972, when a mas-
sive red tide reaching from Maine to
Massachusetts followed a September
hurricane. The shellÞsh toxicity detect-
ed then for the Þrst time has recurred
in that region virtually every year now

for two decades. The cyst stage has
provided a very eÝective strategy for
the survival and dispersal of many oth-
er red tide species as well.

How do algal blooms cause harm?
One of the most serious impacts on hu-
man life occurs when clams, mussels,
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oysters or scallops ingest the algae as
food and retain the toxins in their tis-
sues. Typically the shellÞsh themselves
are only marginally aÝected, but a single
clam can sometimes accumulate enough
toxin to kill a human being. These shell-
Þsh poisoning syndromes have been
described as paralytic, diarrhetic and
neurotoxic, shortened to PSP, DSP and
NSP. The 1987 Canadian outbreak in
which some patients suÝered memory
loss was appropriately characterized as
amnesic shellÞsh poisoning, or ASP.
The North Carolina episode was NSP.

A related problem, ciguatera Þsh poi-
soning, or CFP, causes more human ill-
ness than any other kind of toxicity
originating in seafood. It occurs pre-
dominantly in tropical and subtropical
islands, where from 10,000 to 50,000
individuals may be aÝected annually.
Dinoßagellates that live attached to
seaweeds produce the ciguatera toxins.
Herbivorous Þshes eat the seaweeds
and the attached dinoßagellates as well.
Because ciguatera toxin is soluble in fat,
it is stored in the ÞshesÕ tissues and
travels through the food web to carni-
vores. The most dangerous Þsh to eat
are thus the largest and oldest, often
considered the most desirable as well.

Symptoms do vary among the diÝer-
ent syndromes but are generally neuro-
logical or gastrointestinal, or both. DSP
causes diarrhea, nausea and vomiting,
whereas PSP symptoms include tingling
and numbness of the mouth, lips and
Þngers, accompanied by general mus-
cular weakness. Acute doses inhibit res-
piration, and death results from respi-
ratory paralysis. NSP triggers diarrhea,

vomiting and abdominal pain, followed
by muscular aches, dizziness, anxiety,
sweating and peripheral tingling. Cigua-
tera induces an intoxication syndrome
nearly identical to NSP.

Illnesses and deaths from algal-de-
rived shellÞsh poisons vary in number
from year to year and from country to
country. Environmental ßuctuations
profoundly inßuence the growth and
accumulation of algae and thus their
toxicity as well. Furthermore, countries
diÝer in their ability to monitor shellÞsh
and detect biotoxins before they reach
the market. Developed countries typi-
cally operate monitoring programs that
permit the timely closure of contaminat-
ed resources. Illnesses and deaths are
thus rare, unless a new toxin appears
(as in the ASP crisis in Canada) or an
outbreak occurs in an area with no his-
tory of the problem (as in North Caroli-
na). Developing countries, especially
those having long coastlines or poor
populations who rely primarily on the
sea for food, are more likely to incur a
higher incidence of sickness and death
from algal blooms.

P
hytoplankton can also kill marine
animals directly. In the Gulf of
Mexico, the dinoßagellate Gymno-

dinium breve frequently causes devas-
tating Þsh kills. As the wild Þsh swim
through G. breve blooms, the fragile al-
gae rupture, releasing neurotoxins onto
the gills of the Þsh. Within a short time,
the animals asphyxiate. Tons of dead
Þsh sometimes cover the beaches along
FloridaÕs Gulf Coast, causing several
millions of dollars to be lost in tourism

and other recreation-based businesses.
Farmed Þsh are especially vulnerable

because the caged animals cannot avoid
the blooms. Each year, farmed salmon,
yellowtail and other economically im-
portant species fall victim to a variety
of algal species. Blooms can wipe out
entire Þsh farms within hours, killing
Þngerlings and large Þsh alike. Algal
blooms thus pose a large threat to Þsh
farms and their insurance providers. In
Norway an extensive program is under
way to minimize these impacts. Fish
farmers make weekly observations of
algal concentrations and water clarity.
Other parameters are transmitted to
shore from instruments on moored
buoys. The Norwegian Ministry of Envi-
ronment then combines this informa-
tion with a Þve-day weather forecast to
generate an Òalgal forecastÓ for Þsh
farmers and authorities. Fish cages in
peril are then towed to clear water.

Unfortunately, not much more can be
done. The ways in which algae kill Þsh
are poorly understood. Some phyto-
plankton species produce polyunsatu-
rated fatty acids and galactolipids that
destroy blood cells. Such an eÝect would
explain the ruptured gills, hypoxia and
edema in dying Þsh. Other algal species
produce these hemolytic compounds
and neurotoxins as well. The combina-
tion can signiÞcantly reduce a ÞshÕs
heart rate, resulting in reduced blood
ßow and a deadly decrease in oxygen.

Moreover, nontoxic phytoplankton
can kill Þsh. The diatom genus Chaeto-
ceros has been linked to dying salmon
in the Puget Sound area of Washington
State, yet no toxin has ever been identi-
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LIFE CYCLE of many toxic species enables them to survive for
years under adverse conditions. When nutrients are scarce,
the algae form thick-walled, dormant cysts (left ). The cysts of-

ten travel into new waters. When favorable growth condi-
tions return, the cysts germinate (center ) and colonize previ-
ously unaÝected areas with harmful organisms (right ).
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Þed in this group. Instead species such
as C. convolutus sport long, barbed
spines that lodge between gill tissues
and trigger the release of massive
amounts of mucus. Continuous irrita-
tion exhausts the supply of mucus and
mucous cells, causing lamellar degener-
ation and death from reduced oxygen
exchange. These barbed spines proba-
bly did not evolve speciÞcally to kill
Þsh, since only caged Þsh succumb to
the blooms. The problems faced by Þsh
farmers are more likely the unfortunate
result of an evolutionary strategy by
certain Chaetoceros species to avoid
predation or to stay aßoat.

Algal toxins also cause mortalities as
they move through the marine food
web. Some years ago tons of herring
died in the Bay of Fundy after consum-
ing small planktonic snails that had
eaten the PSP-producing dinoßagellate
Alexandrium. From the human health
standpoint, it is fortunate that herring,
cod, salmon and other commercial Þsh
are sensitive to these toxins and, unlike
shellÞsh, die before toxins reach dan-
gerous levels in their ßesh. Some toxin,
however, accumulates in the liver and
other organs of certain Þsh, and so ani-
mals such as other Þsh, marine mam-
mals and birds that consume whole
Þsh, including the viscera, are at risk.

We now can reconstruct the events
that killed the whales in 1987. A few
weeks of intense investigations that
year by marine pathologist Joseph R.
Geraci of the Ontario Veterinary Col-
lege, myself and many others revealed
that the PSP toxins most likely caused
these deaths. The dinoßagellate Alex-

andrium tamarense produced the tox-
ins, which reached the whales via their
food web. We analyzed mackerel that
the whales had been eating and found
saxitoxin, not in their ßesh but concen-
trated in the liver and kidney. Presum-
ably the mackerel ate zooplankton and
small Þsh that had previously dined on
Alexandrium.

The humpbacks were starting their
southward migration and were feeding
heavily. Assuming that they consumed
4 percent of their body weight daily, we
calculated that they received a saxitox-
in dosage of 3.2 micrograms per kilo-
gram of body weight. But was this a fa-
tal dose? Unfortunately, in 1987 we had
no data that directly addressed how
much toxin would kill a whale. We knew
the minimum lethal dose of saxitoxin
for humans is seven to 16 micrograms
per kilogram of body weight, but that
was two to Þve times more than what
the whales had probably ingested.

Our calculations were initially dis-
heartening, but as we thought about it
we realized that whales might be more

sensitive to the toxins than are humans.
First, whales would have received con-
tinual doses of toxin as they fed, where-
as human mortality statistics are based
on single feedings. Second, during a
dive, the mammalian diving reßex chan-
nels blood and oxygen predominantly
to the heart and brain. The same mech-
anism sometimes protects young chil-
dren who fall through thin ice and sur-
vive drowning, despite being under-
water for half an hour or longer. For
humans, cold water induces the reßex,
but for whales, it is activated during ev-
ery dive.

Each dive then would expose the most
sensitive organs to the toxin, which
would bypass the liver and kidney,
where it could be metabolized and ex-
creted. Finally, saxitoxin need not have
killed the whales directly. Even a slight-
ly incapacitated animal might have dif-
Þculty orienting to the water surface or
breathing correctly. The whales may
actually have drowned following a sub-
lethal exposure to saxitoxin. The exact
cause will never be known, but the evi-
dence strongly suggests that these mag-
niÞcent creatures died from a natural
toxin originating in microscopic algae.

Other examples of toxins traveling up
the food web appear nearly every year.
In 1991 sick or dying brown pelicans
and cormorants were found near Mon-
terey Bay, Calif. Wildlife experts could

Þnd no signs that pesticides, heavy met-
als or other pollutants were involved.
The veterinarian in charge of the study
telephoned JeÝrey Wright of the Na-
tional Research Council laboratory in
Halifax, Nova Scotia. Wright had direct-
ed the Canadian Mussel Toxin Crisis
Team that identiÞed the poison respon-
sible for the mysterious ASP episode in
1987. His team had isolated a toxin
from the Prince Edward Island mussels,
called domoic acid, and traced it to its
sourceÑa diatom, Pseudonitzschia pun-

gens, that had been considered harm-
less. Four years later members of the
same Canadian team quickly ascer-
tained that the sick and dying birds in
California had eaten anchovies that con-
tained domoic acid, again from Pseudo-

nitzschia (but a diÝerent species).

T
he toxins responsible for these
syndromes are not single chemi-
cal entities but are families of

compounds having similar chemical
structures and eÝects. For example, the
saxitoxins that cause PSP are a family
of at least 18 diÝerent compounds with
widely diÝering potencies. Most algal
toxins cause human illness by disrupt-
ing electrical conduction, uncoupling
communication between nerve and mus-
cle, and impeding critical physiological
processes. To do so, they bind to spe-
ciÞc membrane receptors, leading to
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HUMPBACK WHALES, a total of 14, died suddenly from exposure to a bloom of Alex-
andrium tamarense in Cape Cod Bay, Mass., in 1987. Researchers later learned that
the whales had eaten mackerel whose organs contained high concentrations of sax-
itoxin, a neurotoxin produced by the algae.
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changes in the intracellular concentra-
tion of ions such as sodium or calcium.

The saxitoxins bind to sodium chan-
nels and block the ßux of sodium in and
out of nerve and muscle cells. Breve-
toxins, the family of nine compounds
responsible for NSP, bind to a diÝerent
site on the sodium channel but cause
the opposite eÝect from saxitoxin. Do-
moic acid disrupts normal neurochem-
ical transmission in the brain. It binds
to kainate receptors in the central ner-
vous system, causing a sustained depo-
larization of the neurons and eventual-
ly cell degeneration and death. Memory
loss in ASP victims apparently results
from lesions in the hippocampus, where
kainate receptors abound.

Why do algal species produce toxins?
Some argue that toxins evolved as a de-
fense mechanism against zooplankton
and other grazers. Indeed, some zoo-
plankton can become slowly incapaci-
tated while feeding, as though they are
being gradually paralyzed or otherwise
impaired. ( In one study, a tintinnid cili-
ate could swim only backward, away
from its intended prey, after exposure
to toxic dinoßagellates.) Sometimes
grazing animals spit out the toxic algae
as though they had an unpleasant taste.
These responses would all reduce graz-
ing and thus facilitate bloom formation.

All the same, nontoxic phytoplankton
also form blooms, and so it is unlikely
that toxins serve solely as self-defense.
Scientists are looking within the algae
for biochemical pathways that require
the toxins, but the search thus far has
been fruitless. The toxins are not pro-
teins, and all are synthesized in a series
of chemical steps requiring multiple
genes. Investigators have proposed bio-
synthetic pathways, but they have not
isolated chemical intermediates or en-

zymes used only in toxin production. It
has thus been diÛcult to apply the
powerful tools of molecular biology to
these organisms, other than to study
their genes or to develop detection tools.

We do have some tantalizing clues
about toxin metabolism. For example,
certain dinoßagellate strains produce
diÝerent amounts of toxin and diÝer-
ent sets of toxin derivatives when we
vary their growth conditions. Metabol-
ism of the toxins is a dynamic process,
but we still do not know whether they
have a speciÞc biochemical role. As
with the spiny diatoms that kill Þsh,
the illnesses and mortalities caused by
algal ÒtoxinsÓ may be the result of the
accidental chemical aÛnity of those
metabolites for receptor sites on ion
channels in higher animals.

The potential role of bacteria or bac-
terial genes in phytoplankton toxin pro-
duction is an area of active research. We
wonder how a genetically diverse array
of organisms, including phytoplankton,
seaweeds, bacteria and cyanobacteria,
could all have evolved the genes need-
ed to produce saxitoxin [see ÒThe Tox-
ins of Cyanobacteria,Ó by Wayne W.
Carmichael; SCIENTIFIC AMERICAN, Jan-
uary]. Several years ago Masaaki Koda-
ma of Kitasato University in Japan iso-
lated intracellular bacteria from antibi-
otic-treated A. tamarense cultures and
showed that the bacteria produced sax-
itoxin. This Þnding supported an old
and long-ignored hypothesis that tox-
ins might originate from bacteria living
inside or on the dinoßagellate cell.

Despite considerable study, the jury
is still out. Many scientists now accept
that some bacteria produce saxitoxins,
but they point out that dense bacterial
cultures produce extremely small quan-
tities. It is also not clear that those bac-

teria can be found inside dinoßagellates.
That intracellular bacteria produce all
of the toxin found in a dinoßagellate
cell therefore seems unlikely, but per-
haps some synergism occurs between a
small number of symbionts and the
host dinoßagellate that is lost when the
bacteria are isolated in culture. Alterna-
tively, a bacterial gene or plasmid might
be involved.

G
iven the diverse array of algae
that produce toxins or cause
problems in a variety of oceano-

graphic systems, attempts to generalize
the dynamics of harmful algal blooms
are doomed to fail. Many harmful spe-
cies, however, share some mechanisms.
Red tides often occur when heating or
freshwater runoÝ creates a stratiÞed
surface layer above colder, nutrient-rich
waters. Fast-growing algae quickly strip
away nutrients in the upper layer, leav-
ing nitrogen and phosphorus only be-
low the interface of the layers, called the
pycnocline. Nonmotile phytoplankton
cannot easily get to this layer, whereas
motile algae, including dinoßagellates,
can thrive. Many swim at speeds in ex-
cess of 10 meters per day, and some
undergo daily vertical migration: they
reside in surface waters by day to har-
vest sunlight like sunbathers, then swim
down to the pycnocline to take up nu-
trients at night. As a result, blooms can
suddenly appear in surface waters that
are devoid of nutrients and would seem
incapable of supporting such proliÞc
growth.

A similar sleight-of-hand can occur
horizontally, though over much larger
distances. The NSP outbreak in North
Carolina illustrates how ocean currents
can transport major toxic species from
one area to another. Patricia A. Tester,
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Algal Toxins

The structure of red tide toxins varies considerably. Saxi-
toxin compounds (one example shown at left ) sport differ-

ent combinations of H+, OH– and SO3
– on the R1 to R4 sites,

but all members of this family block the sodium channel and
thus prevent communication between neurons and muscles.
H. Robert Guy of the National Institutes of Health has pro-

posed a structural model of this interaction (right ). The car-
bon backbone of the sodium channel is colored gray, the car-
boxyls are red, nitrogen is blue, and hydrogen is white. Saxi-
toxin binds in the narrowest region of this channel. The breve-
toxins (one example shown at center ) that cause NSP are
much larger molecules that also affect the sodium channel.
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a biologist at the National Oceanic and
Atmospheric AdministrationÕs National
Marine Fisheries Service laboratory in
Beaufort, examined plankton from local
waters under a microscope soon after
the initial reports of human illnesses.
She saw cells resembling the dinoßa-
gellate G. breve, the cause of recurrent
NSP along FloridaÕs western coast. Ex-
perts quickly conÞrmed her tentative
identiÞcation, and for the Þrst time in
state history, authorities closed shell-
Þsh beds because of algal toxins, re-
sulting in a loss of $20 million.

Tester and her co-workers have since
used satellite images of sea-surface
temperatures to argue that the G. breve

population in North Carolina originat-
ed oÝ the southwestern coast of Flori-
da, nearly 1,000 kilometers away. That
bloom traveled from the Gulf of Mexico
up the southeastern coast of the U.S.,
transported by several current systems
culminating in the Gulf Stream. After
30 days of transport, a Þlament of wa-
ter separated from the Gulf Stream and
moved onto North CarolinaÕs narrow
continental shelf, carrying G. breve cells
with it. The warm water mass remained
in nearshore waters, identiÞable in sat-
ellite images for three weeks. Fortunate-
ly, G. breve does not have a known cyst
stage, so it could not establish a seed-
bed and colonize this new region.

This incident, taken together with

many others like it throughout the
world, speaks of an unsettling trend.
Problems from harmful red tides have
grown worse over the past two decades.
The causes, however, are multiple, and
only some relate to pollution or other
human activities. For example, the glob-
al expansion in aquaculture means that
more areas are monitored closely, and
more ÞsheriesÕ products that can be
killed or take up toxins are in the wa-
ter. Likewise, our discovery of toxins in
algal species formerly considered non-
toxic reßects the maturation of this
Þeld of science, now profiting from
more investigators, better analytical
techniques and chemical instrumenta-
tion, and more eÛcient communica-
tion among workers.

Long-term studies at the local or re-
gional level do show that red tides ( in
the most general sense of the term) are
increasing as coastal pollution worsens.
Between 1976 and 1986, as the popula-
tion around Tolo Harbor in Hong Kong
grew sixfold, red tides increased eight-
fold. Pollution presumably provided
more nutrients to the algae. A similar
pattern emerged in the Inland Sea of
Japan, where visible red tides prolifer-
ated steadily from 44 per year in 1965
to more than 300 a decade later. Japan-
ese authorities instituted rigorous ef-
ßuent controls in the mid-1970s, and a

50 percent reduction in the number of
red tides ensued.

These examples have been criticized,
since both could be biased by changes
in the numbers of observers through
time, and both are tabulations of water
discolorations from blooms, not just
toxic or harmful episodes. Still, the data
demonstrate what should be an obvious
relationship: coastal waters receiving
industrial, agricultural and domestic
waste, frequently rich in plant nutrients,
should experience a general increase in
algal growth. These nutrients can en-
hance toxic or harmful episodes in sev-
eral ways. Most simply, all phytoplank-
ton species, toxic and nontoxic, beneÞt,
but we notice the enrichment of toxic
ones more. Fertilize your lawn, and you
get more grassÑand more dandelions.

Some scientists propose instead that
pollution selectively stimulates harmful
species. Theodore J. Smayda of the Uni-
versity of Rhode Island brings the nu-
trient ratio hypothesis, an old concept
in the scientiÞc literature, to bear on
toxic bloom phenomena. He argues that
human activities have altered the rela-
tive availability of speciÞc nutrients in
coastal waters in ways that favor toxic
forms. For example, diatoms, most of
which are harmless, require silicon in
their cell walls, whereas other phyto-
plankton do not. Because silicon is not
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WARM WATER PLUME (green), revealed
in a satellite infrared image of sea-sur-
face temperature, traveled from south-
ern Maine into Massachusetts Bay in
1987, carrying A. tamarense. Remote-
sensing techniques help investigators
track blooms traveling within discrete
water masses.
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abundant in sewage, but nitrogen and
phosphorus are, the ratio of nitrogen
to silicon or of phosphorus to silicon in
coastal waters has increased over the
past several decades. Diatom growth
ceases when silicon supplies are deplet-
ed, but other phytoplankton classes,
which often include more toxic species,
can proliferate using ÒexcessÓ nitrogen
and phosphorus. This idea is controver-
sial but not unfounded. A 23-year time
series from the German coast docu-
ments a fourfold rise in the nitrogen-sil-
icon and phosphorus-silicon ratios, ac-
companied by a striking change in the
composition of the phytoplankton com-
munity: diatoms decreased, whereas
ßagellates increased more than 10-fold.

Another concern is the long-distance
transport of algal species in cargo ves-
sels. We have long recognized that ships
carry marine organisms in their ballast
water, but evidence is emerging that
toxic algae have also been hitchhiking
across the oceans. Gustaaf M. Halle-
graeÝ of the University of Tasmania has
frequently donned a minerÕs helmet and
ventured into the bowels of massive
cargo ships to sample sediments accu-
mulated in ballast tanks. He found
more than 300 million toxic dinoßagel-
late cysts in one vessel alone. Halle-
graeÝ argues that one PSP-producing
dinoßagellate species Þrst appeared in
Tasmanian waters during the past two

decades, concurrent with the develop-
ment of a local wood-chip industry.
Empty vessels that begin a journey in a
foreign harbor pump water and sedi-
ment into their tanks for ballast; when
wood chips are loaded in Tasmania,
the tanks are discharged. Cysts easily
survive the transit cruise and colonize
the new site. Australia has now issued
strict guidelines for discharging ballast
water in the countryÕs ports. Unfortu-
nately, most other nations do not have
such restrictions.

The past decade may be remembered
as the time that humankindÕs eÝect on
the global environment caught the pub-
lic eye in a powerful and ominous fash-
ion. For some, signs of our neglect come
with forecasts of global warming, de-
forestation or decreases in biodiversity.
For me and my colleagues, this interval
brought a bewildering expansion in the
complexity and scale of the red tide
phenomenon. The signs are clear that
pollution has enhanced the abundance
of algae, including harmful and toxic
forms. This eÝect is obvious in Hong
Kong and the Inland Sea of Japan and
is perhaps real but less evident in re-
gions where coastal pollution is more
gradual and unobtrusive. But we can-
not blame all new outbreaks and new
problems on pollution. There are many
other factors that contribute to the
proliferation of toxic species; some in-

volve human activities, and some do
not. Nevertheless, we may well be wit-
nessing a sign that should not be ig-
nored. As a growing world population
demands more and more of ÞsheriesÕ
resources, we must respect our coastal
waters and minimize those activities
that stimulate the spectacular and de-
structive outbreaks called red tides.
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OUTBREAKS of paralytic shellÞsh poisoning aÝected more
than twice as many areas in 1990 as they did in 1970. Some

experts believe coastal pollution and shipping practices have
contributed to the expansion.
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R
econstructing how people lived
in ancient times is like detective
work: clues are scarce. Inferenc-

es must be made from spotty evidence
such as bones, durable artifacts and
the ruins of habitations. In my work as
a paleontologist at the Natural History
Museum in London, I knew that a col-
lection of early Neolithic human bones
had been brought to England from ex-
cavations at Abu Hureyra, in what is
now northern Syria. The archaeologi-
cal work was done in 1972 and l973Ñ

shortly before the site was due to be
ßooded by the reservoir behind the new
Tabqa damÑby Andrew M. T. Moore,
then at the University of Oxford [see ÒA
Pre-Neolithic FarmersÕ Village on the Eu-
phrates,Ó by Andrew M. T. Moore; SCI-
ENTIFIC AMERICAN, August 1979]. The
skeletal remains of about 162 individu-
alsÑ75 children and 87 adults, of whom
44 were female, 27 male and 16 of un-
determined sexÑhave been identiÞed
from seven trenches dug at Abu Hurey-
ra. The deposits span about 3,000 years.

It seemed to me and my colleagues
that the bones might reveal details of
the daily life of the Abu Hureyra people
and therefore that of other Neolithic
groups whose members had made the
transition from hunting and gathering
to an agricultural economy. The marks
of life experienceÑsome wrought by
disease, some by workÑcan be imprint-
ed on the bones and teeth of the skele-
ton. Close study has indeed yielded a
fund of information that might not oth-
erwise have been discovered, particular-

The Eloquent Bones 
of Abu Hureyra
The daily grind in an early Near Eastern 

agricultural community left revealing marks 
on the skeletons of the inhabitants

by Theya Molleson
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ly about the women of the community.
Abu Hureyra was inhabited in two

diÝerent times. The Þrst one was from
roughly 11,500 to 10,000 years ago, just
preceding the development of agricul-
ture. The pre-Neolithic people of this
settlement gathered a wide range of
wild seeds, including lentils, einkorn,
rye, barley, hackberries and pistachios.
They also hunted the gazelles that mi-
grated toward the Euphrates in the
spring. The second settlement followed
an unexplained hiatus of 200 years. The
early Neolithic people of the later set-
tlement cultivated a range of domestic
cereals: emmer, einkorn, oats, barley,
chickpeas and lentils. All these plants
required preparation before they could
be eaten. The preparation took much
labor and time.

The record of this eÝort can be read
in the bones of the people of Abu Hu-
reyra. One of the Þrst skeletal traits we
noticed were signs of extra and some-
times excessive strains caused by the
carrying of loads, most likely game,
grain and building materials. The evi-
dence was most conspicuous among
the young. If adolescents are required
to labor in this way, one can expect
changes in the shape of the upper ver-
tebrae. That is what we found. It is also
probable that the loads were carried on
the head: the hook-shaped parts of the
vertebrae in the neck are enlarged, indi-
cating that the bones developed a but-
tressing support. Otherwise, the neck
might have wobbled under the weight
of a heavy burden. In some individuals,
we found degenerative changes in the
neck vertebrae that may have arisen
from injuries sustained by bearing
weight.

These cases were not common. In
fact, the general health of the people
appears to have been good, except for

bone deformities that turned up repeat-
edly: collapsed vertebrae (always the
last dorsal one) and grossly arthritic big
toes. These malformations were associ-
ated with evidence of muscular arms
and legs. Clearly, the bones bespoke a
demanding physical activity that was
also injurious.

For a time, we actually entertained the
idea that the people of Abu Hureyra had
engaged in some sport or athletics, but
crippled ballerinas seemed unlikely to
have appeared during the Neolithic. We
remained mystiÞed until a colleague
who was vacationing in Egypt noticed
that the kneeling suppliants depicted
on temple walls always had their toes
curled forward. This observation sug-
gested that some activity that involved
kneeling had produced the pathology
that we observed among the residents
of Abu Hureyra.

During the excavations, Moore had
found saddle querns in the rooms of
the houses, abandoned after they had
last been used. (A quern is a primitive
stone mill for grinding grain by hand; a
saddle quern is so named because it re-
sembles a saddle in shape.) I was con-
vinced that the kneeling action consist-
ed of long hours spent grinding cereal
grains on the saddle quern. Gordon
Hillman of the University of London,
who had worked on the plant remains
from the site, was not so sure. He point-
ed out that removing the outer husk of
the seeds by pounding them with a pes-
tle in a mortarÑanother chore done

while kneelingÑwould have been an
essential step in preparing the grains.
Probably both tasks were involved in
creating the vertebral deformities, but it
is unlikely that mortar-and-pestle work
caused the toe deformities: the laborer
could have changed positions while
pounding but not while grinding.

S
o it was the preparation of grain
for eating that was the most de-
manding and labor-intensive ac-

tivity of the settlement, as it still is in
many places. The grain had to be pound-
ed every day because the seeds would
not keep once they were dehusked. The
dehusking with mortar and pestle and
the subsequent grinding in a saddle
quern would have taken many hours.
What we had found on the bones, then,
were the telltale signs of long hours
spent at such labor. Also evident were
marks of injuries, perhaps caused by
using the saddle quern with too much
enthusiasm or haste.

Querns and rubbing stones found at
Abu Hureyra suggest how such wear
and tear came about. The querns were
set directly on the ground rather than
mounted on a plinth or other raised
structure, a practice followed in later
times (debris surrounding the querns
supports the conclusion that each was
found where it had been used). Thus,
the individual using the quern would
have had to kneel.

Picture the operation. The grinder
puts the grain on the quern and holds
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GRINDING GRAIN on a saddle quern, a daily task for Abu
Hureyra females, put strain on several of the joints. On her
knees, the woman repeatedly pushed the rubbing stone for-
ward and then pulled back to her starting position. The activ-
ity, taking up several hours a day, aÝected particularly the

bones shown above: the big toe, the spine and the leg. The toe
is hyperßexed and damaged; the spine shows bony growths
of the vertebrae; the leg, pictured with the femur (thigh bone)
at the top and the tibia (shin bone) below it, has a buttress
along the shaft of the femur and bony growths at the knee.
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the rubbing stone with both hands. On
her knees (yes, it was womenÕs work, as
we shall see), with toes bent forward,
she pushes the stone toward the far
end of the quern, ending the stroke
with her upper body almost parallel to
the ground so her arms are at or near
the level of her head. On reaching the
far end of the quern, she jerks back to
her starting position. I call this part of
the grinding action the recoil. The
movement that raises the arms as the
grinder pushes forward employs the
deltoid muscles of the shoulder. Dur-
ing this stroke, the arms also turn in-
ward, a motion accomplished by the bi-
ceps muscles.

It is precisely the places where the
deltoid muscles attach to the humerus
(the long bone of the upper arm) and
the biceps muscles to the radius (one of
the two forearm bones) that are mark-
edly developed in these individuals. The
overdevelopment of the muscles was
symmetrical, aÝecting both arms equal-
ly. On the forearm of these individuals,
the radial tuberosityÑthe bulged area
of the radius where the biceps muscle

attachesÑis particularly noticeable.
Kneeling for many hours strains the

toes and knees, whereas grinding puts
additional pressure on the hips and, es-
pecially, the lower back. The character-
istic injuries we found on the last dor-
sal vertebra were disk damage and
crushing. Such injuries could occur if
the grinder overshot the far end of the
saddle quern during the forward push
or recoiled to the starting position too
quickly or vigorously.

During grinding, the body pivots 
alternately around the knee and hip
joints. The movement subjects the fe-
murs (thigh bones) to considerable
bending stresses. These bones thus de-
velop a distinct buttress along the back
to counteract the bending moments im-
posed from the hip and the knee as the
weight of the body swings back and
forth across the saddle quern. The knee
also takes a lot of pressure because it
serves as the pivot for the movement.
Thus, the joint surfaces enlarge. All
these eÝects appear on a set of bones
we studied. The femurs were curved
and buttressed. The knees show bony

extensions on their articular surfaces.
The feet are also subjected to heavy

pressure as one grinds grain on a quern.
The toes are curled forward to provide
leverage, which is supplied in large part
by the big toes. In the remains from
Abu Hureyra, the Þrst metatarsal joints
of the toes are enlarged and often in-
jured. There are also signs of cartilage
damage: smooth, polished surfaces at
the metatarsal joint indicate that bone
had rubbed on bone. In some individu-
als, a gross osteoarthritis had devel-
oped. In one case, the right big toe is
much more severely aÝected than the
left. Although an infective origin for this
condition cannot be ruled out, perhaps
the grinder was in the habit of resting
one foot on the other to relieve the pain.
Just such a position is shown in a mod-
el, illustrated in J. H. BreastedÕs Egyp-

tian Servant Statues, of an Egyptian
woman using a quern.

The changes to the arm, thigh and toe
bones that we observed aÝected the
overall bone morphology. This result
would come about only if the stresses
had been applied to the bones for long
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BONE ABNORMALITIES appeared among the people of Abu Hureyra as a result of
the activities depicted here. Carrying loads on the head deformed the bones of the
upper spine; the pitting on the vertebra indicates disk damage. Pounding grain in a
mortar and pestle and operating a quern strongly developed the arm muscles, as
reßected by the bulging in the two humerus (upper arm) bones (top of photograph ),

USING MORTAR AND PESTLE SQUATTING AT REST

LOAD BEARING
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hours daily while the individual was still
growing. Travelers have observed such
activity quite recently. Michael Aster
writes in A Desert Dies : ÒLife in the 
[Saharan] oasis seemed to grind on at
its own pace. For the women this was
literally true, for they spent much of
their time grinding grain on their hand
mills . . . . I often watched Hawa as she
placed a few grains at a time on the
stone-base and let them trickle down
as she ground them, sweeping the ßour
into a bowl every few minutes. After an
hour or so her little daughter, aged
about nine, would take over and begin
grinding furiously. It might take several
hours to produce enough ßour for one
meal.Ó

W
e wanted to know whether
members of both sexes ground
grain at Abu Hureyra. Finding

the answer proved diÛcult. The skele-
tons were so fragmented that we had
to devise a way of determining the sex
of an individual from the speciÞc bones
that showed the changes we believed
resulted from using a saddle quern.

Measurements of the Þrst metatarsal
bone of the foot demonstrated that it
was generally larger in males, and by
this means we could see that most of
the bones showing the saddle-quern ef-
fects were from females.

We concluded that the grain was usu-
ally prepared by the women and girls in
the household. A rather loose division
of roles thus appears among these ear-
ly Neolithic people. The inhabitants of
Abu Hureyra must soon have discov-
ered that the most eÛcient way to op-
erate was to divide up the work of sup-
plying food. We can assume that the
men hunted and, with the advent of
agriculture, cultivated food plants. The
women of the household took on the
job of grain preparationÑa laborious
task, or rather a series of tasks, that oc-
cupied many hours a day and could lead
to back, knee and toe injuries. These are
the repetitive stress injuries of the Neo-
lithic. There is no need to assume that
this division of roles implies any in-
equality between the sexes or between
rolesÑthat comes later.

The women were not the only ones

to suÝer. The coarsely ground grain had
an appalling eÝect on everyoneÕs teeth.
One precaution necessary with all grain
products except sifted ßour is careful
sorting to remove hard kernels and
small stones. The number of fractured
teeth among the early Neolithic people
of Abu Hureyra bears witness to a fail-
ure to do this sorting eÝectivelyÑand
probably to an absence of sieves. For
the same reason, awns or glumes from
the outer covering of the grains re-
mained in the ßour and occasionally be-
came lodged between the teeth, causing
gum infection. On the other hand, car-
ies (tooth decay) was rare. Apparently
the ßour was not suÛciently reÞned or
cooked ( if it was cooked) to provide
the right environment for the bacteria
that cause cavities.

Fracturing was only one problem. The
grains, even after being pounded and
ground, yielded a hard meal that was
exceedingly abrasive. Apart from the
damage caused by rock powder from
the grindstone, the ßour itself rapidly
wore down the teeth. Many people lost
teeth at an early age. Moreover, scan-

ning electron micrographs
of teeth from Abu Hureyra
show pits comparable in
size to those that date
stones and other hard ob-
jects make on the teeth of
nonhuman primates.

Something had to be
done about the horrendous
wear on the teeth. The ar-
chaeologists at Abu Hurey-
ra had occasionally noticed
the imprints of woven mats
in plaster from later levels
of the settlement. This Þnd-
ing was evidence that the
people had by then mas-
tered the skills of weaving.
The invention of the sieveÑ
an application of the prin-
ciples of weavingÑwould
have meant that grain could
be sifted from grit and
coarse chaÝ. Women in the
Near East today can oper-
ate a sieve so deftly that
they produce three piles on
it : stones, chaÝ and grains.
They then ßip the stones
into the palm of the hand.
The result is fewer frac-
tured teeth. We have no di-
rect evidence of sieves at
Abu Hureyra, but tooth
wear is notably less severe
in the later times.

Some way also had to be
found to contain the har-
vested grain in order to
bring it in from the Þelds.
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where the deltoid muscles attach, and in the two radius (forearm) bones (bottom), where the
biceps muscles attach. Squatting to rest put strain on the knee, resulting in this notched patella
(kneecap). Using a quern damaged the last dorsal vertebra; wedging and pitting indicate crush-
ing and disk damage. Also aÝected were the bones of the big toe; here there is wear near the
right end of the upper toe bone and severe osteoarthritis near the right end of the lower bone.

USING QUERN
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Baskets may have been the solution.
We noted strange grooves on the front
teeth of individuals from the later lev-
els at Abu Hureyra. In making a basket,
three canes have to be maneuvered at
once. Because the hands are occupied
holding the Þrst staves of the basket,
the teeth are used to control the work-
ing canes. Clark S. Larsen of the Univer-
sity of North Carolina at Chapel Hill
has illustrated how a modern Paiute In-
dian woman holds the canes between
her teeth. The habit of weaving in this
way forms grooves on the surface of
the front teeth. The grooves are almost
identical to those we have observed on
the teeth from Abu Hureyra.

The skeletal evidence for weaving
and basket making is rare among the
bones we studied, presumably because
the skills for those crafts were con-
Þned to a few people. Those individu-
als are all from one part of the settle-
ment, which suggests a craft area. Such
specialization would be a natural out-
come of any division of roles. Role spe-
cialization allows the development of
expertise, speed and improved technol-
ogy. If an expert is relieved of the need
to produce her own food, she can man-
ufacture more than enough sieves or
baskets to supply the community. Any
surplus can be used in trade.

From a diÝerent part of the settle-

ment came evidence for another group
of craftswomen. We noticed that sever-
al jaws found there have enormously
enlarged joint surfaces, together with
extremely uneven wear on the teeth. To
display this pattern of wear, the teeth
must have been subjected to immense
crushing forces that abraded the lower
teeth on the outside and the upper
teeth on the inside. In some cases, the
wear extends right down to the root.

Tetsuya Kamegai of Iwate Medical
University in Japan has found similar
changes among Maori people who chew
plant stems to make Þber string. Some
years ago J. D. Jennings of the Universi-
ty of Utah described the marks on quids
chewed by worn teeth. The quids, made
by people of the same epoch as the Abu
Hureyra community, are found by the
thousands at Danger Cave in Utah. The
cave yielded pieces of cord made of
chewed bulrush stems and mats bound
with the cord. I believe mats were be-
ing made in a similar way at Abu Hu-
reyra, a view also supported by the im-
pressions of matting found during the
excavation.

S
ome 7,300 years ago the new tech-
nology of pottery making brought
great changes to the community.

Pottery vessels provided a container 
in which grains could be soaked and

cooked. That made the cereals so much
softer that wear on the teeth was sig-
nificantly reduced, as can be seen in
scanning electron micrographs.

Cooked cereal is also tastier and eas-
ier to digest. Cooking releases the car-
bohydrates from the grain and makes
them easy for the digestive system to
absorb. One result was porridge, which
soon had a dramatic eÝect on the com-
munityÕs population structure. A single
consequence is evident in the unmend-
ed fracture of a womanÕs jaw; it is un-
likely that she could have survived if a
nutritious gruel or porridge were not
available. Much more signiÞcant is that
once porridge was available, women
could give it to infants in place of breast
milk. The mothers, too, consumed a diet
quite rich in carbohydrates. The result
of early weaning and better nourish-
ment was to increase fertility substan-
tially by reducing the interval between
births.

This eÝect can be seen in the much
larger proportion of infant skeletons
recovered from the pottery levels com-
pared with their percentage in the earli-
er strata. The proportion is so high as
to suggest that infants were at increased
risk of dying from disease, presumably
because the rising population density
gave more opportunity for pathogens
to spread from one person to another.
Some of the children have a thickening
and pitting of the eye sockets, known
as cribra orbitalia, that probably was
the result of anemia following long-
term infection by parasites.

It is from the pottery levels that we
Þnd evidence of dental caries. The
change in food preparation, with greater
emphasis on cooked cereals made into
bread and porridge, created sticky foods
that adhere to the teeth and provide a
medium for the growth of the bacteria
that cause caries.

A
bu Hureyra was abandoned about 
7,000 years ago, as were many 
other Neolithic sites in the Near

East. One cannot say why; disease, fam-
ine and climatic change are all possibil-
ities. Abu Hureyra, although it was a
structured society, remained egalitari-
an to the endÑat least in terms of buri-
al practices. But during the Neolithic,
roles probably became more deÞned
and more circumscribed.

The incorporation of role in the so-
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TOOTH WEAR was severe among the
early Neolithic people of Abu Hureyra.
The coarse ßour produced by grinding
on a quern abraded teeth. Pulling canes
through the teeth while making baskets
resulted in deep grooves.

WEAVINGEATING
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cial fabric is reßected in the burial prac-
tices. The dead were buried under the
ßoors of the houses or in pits in the
yards outside. Many more women than
men are buried in the rooms. This was
their domain, where they had lived and
worked. The women, it seems, had spe-
ciÞc parts of space bounded by the lim-
its of the house; their territory was a
frame for their activities. John Gold of
Oxford Brookes University sees this ter-
ritoriality as a fundamental expression
of social organization. The role bound-
aries established in life were maintained
after death. The skeletal changes indi-
cating how women spent their daysÑ
grinding, spinning, making baskets and
matsÑreßect a commitment in terms
of time and economics that constitutes
role specialization.

The very division of roles may have
encouraged people not immediately
immersed in preparing food to develop
crafts. Crop cultivation, in fact, created
its own challenges. Water had to be con-
veyed to seedlings for irrigation; ani-

mals had to be kept from destroying the
crops; and harvested grain had to be
transported. These problems provoked
the exploration of technologies to solve
them. Vessels, fences and baskets were
devised, and certain people became ex-
pert in making them.

At Abu Hureyra, we see a progres-
sion of changes that can be understood
in the light of such innovations. The

improvements brought problems that
called for further innovations. There
was a constant progress toward a bet-
ter lifeÑa striving that continues to this
day. Abu Hureyra represents the Þrst
step on the path toward civilization. But
signs of wealth, class, elite institutions
and scholarship have not been found
in this settlement. We must look for
them elsewhere.
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ABU HUREYRAÕS CHRONOLOGY extended through two diÝer-
ent occupations of the site over some 4,500 years. The Þrst oc-
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did not farm. Early Neolithic people of the second occupation
gradually came to the cultivation of crops, the domestication
of animals and such crafts as pottery and basket making.
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TRENDS IN WOMENÕS HEALTH

A Global View
by Marguerite Holloway, staÝ writer
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Improving women’s health means overhauling 
attitudes toward sex and addressing hidden 

epidemics, such as domestic violence

W
omen around the world share a common health prob-
lem, whether they are missing from U.S. clinical drug
trials or are nowhere to be seen in a malaria clinic in

Thailand. Social customs, health policies and a largely male
medical community have tended to treat women as wives or
wombs and little else. Consequently, as chronicled in report af-
ter report, aspects of womenÕs healthÑincluding nutrition and
aging, responses to illnesses such as AIDS, and diseases that
plague only womenÑhave received minimal attention or fund-
ing. Gaps pockmark the formal knowledge of womenÕs health.

Female politicians, petitioners, patients and practitioners are
beginning to cut away this legacy of prejudice. By widening the
aperture to view all components of health, they have called for
an approach to care that is based on the entire life cycleÑone
that would confront with equal rigor malnutrition in young
girls, cervical cancer in middle-aged women and osteoporosis
in older women. This strategy has exposed what could prove to
be some of the most intractable issues endangering womenÕs
well-being. They are the least acknowledged threats: domestic
violence, the damaging eÝects of illegal abortion, sexually
transmitted diseases and genital mutilation.

Somewhat paradoxically, these issues ultimately have less to
do with womenÕs health in and of itself than they have to do with
society as a whole. By seeking to redress an imbalance, physi-
cians, womenÕs health advocates and family planners have fo-
cused on areas that have been ignored not just for women but
also for men. Upgrading womenÕs health entails, in large part,
reexamining sexuality and cultural mores; it entails improving
male and adolescent sexual health; it entails involving men. Put
simply, securing womenÕs health means social transformation.

The challenge of domestic violence indicates just how exten-
sive a change is needed. ViolenceÑnamely infanticide, sexual
abuse, rape, battering and bride burningÑis perhaps the most
universally ignored but pervasive problem facing women. Be-
cause few women report domestic violence, experts say esti-
mates of incidence are unreliable: between 20 and more than
50 percent of women throughout the world may be abused. Re-
gional data indicate an epidemic. One survey in Papua New
Guinea found that 56 percent of married women in cities re-
ported being battered, and 18 percent of wives had gone to a
hospital because they had been beaten; in the countryside, 67
percent of wives had suÝered from domestic violence. In Bom-
bay, one of four deaths in women between the ages of 15 and

FOUR GENERATIONS OF WOMEN together embody the concept of a life
cycle approach to health care. Medical policies often treat women as moth-
ers or wives, ignoring other aspects of their well-being. Women and health
care workers are demanding and achieving a fuller approach to care, one
that is applicable to all stages of life.
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24 is caused by ÒaccidentalÓ burning (a
means of murdering a wife in order to
get a higher dowry through another
marriage). In the U.S. between 22 and 35
percent of visits to emergency rooms
are for injuries caused by domestic vio-
lence. Battering may be the leading
cause of injury to American women.

ÒPeople always ask me where it is
worseÑin India, where they burn wom-
en, or in the U.S.,Ó says Lori Heise of the
PaciÞc Institute for WomenÕs Health in
Washington, D.C. ÒI do not think these
kinds of comparisons are constructive.
You see the systematic abuse of wom-
en in many societies being tolerated.Ó
One incident that Heise often uses to il-
lustrate this tolerance took place in
Kenya in 1991 when boys at the St. Kiz-
ito boarding school stormed the girlsÕ
dormitory, raping 71 and killing 19. The
principal was quoted as saying, ÒThe
boys never meant any harm to the girls.
They just wanted to rape.Ó

Such sanctioning of abuseÑwhether
overt or implicitÑis common every-
where. It is this attitude, rooted in so-
cial relationships between men and
women, that health care workers are
recognizing as a major threat to wom-
enÕs health. It is this attitude that has
prevented women from successfully es-
caping their batterers, physicians from
recognizing the extent of the medical
problem and men from changing their
behavior. ÒViolence is socially construct-
ed,Ó Heise says. ÒThere is enough evi-
dence to show that whatever disposi-
tion men may have toward aggressive
behavior, it can be overcome.Ó

The acknowledgment that womenÕs
health is predicated on societal trans-
formationÑand that the medical sys-
tem generally ignores problems such as
domestic violenceÑhas arisen in large
part from the womenÕs health move-

ment in the U.S. and from the Þeld of
international family planning.

Although American women have been
advocating for better and more gender-
tailored health care since the 1960s, not
until a few years ago were some of these
concerns incorporated into public poli-
cy. In 1990 the General Accounting Of-
Þce published a report that detailed the
absence of women and minorities from
clinical trials of medication. Because
many womenÑsome of them preg-
nantÑwere taking these drugs, the ab-
sence of data on hormonal interactions
or diÝerences in metabolism suggested
that the health of women and minorities
was being ignored and thereby put at
risk. In fact, although researchers are
just beginning to look into these topics,
sex-related responses to some antide-
pressants and anticonvulsants as well
as racial variations in reactions to drugs
for hypertension have been discovered.

A Legacy of Inattention

At the same time that womenÕs ab-
sence from clinical trials was being de-
cried, it became clear that health sub-
jects speciÞc to women, breast cancer
and menopause among them, were also
not being investigated with the same en-
ergy as were some male concerns. In
addition, many studies on illnesses that
aÝect both sexesÑspeciÞcally, heart
disease and AIDSÑhad not scrutinized
the etiology or expression of the disor-
ders in women.

In the case of AIDS, this inattention
has been well documented. It is not that
women with AIDS or those infected with
HIV had received no attention before
womenÕs health became politically cor-
rect. A host of studies have examined
HIV transmission from female prosti-
tutes to their male clients, as well as the

epidemiology of AIDS among this group
of women. Other investigators have
looked at prenatal transmission, study-
ing how and when and with what de-
gree of prevalence mothers infect their
fetus or infant.

The consequences of viewing women
solely in relation to men or to children
have become tragically obvious. The
proportion of women infected with HIV
has increased more rapidly than has the
proportion of men carrying the virus,
in the U.S. and elsewhere. The World
Health Organization (WHO) estimates
that by the year 2000 between 30 and
40 million people will have been infect-
ed, half or more than half of them wom-
en. AIDS is already the leading cause of
death for African-American women be-
tween the ages of 20 and 40 in New
York State and New Jersey; it is also the
principal killer of women in the same
age group in sub-Saharan Africa. 

Until 1992, despite the magnitude of
this part of the epidemic, the list of con-
ditions set by the U.S. Centers for Dis-
ease Control and Prevention used to de-
Þne AIDS did not include gynecological
symptoms. Because the search for al-
ternative means of protection has only
just begun, women remain reliant on
men to use condoms. The recently mar-
keted female condom may confer the
same degree of protection that the male
condom doesÑit still, however, requires
male consent. Only recently have labora-
tories begun to investigate microbicides
that women can administer directly and,
if need be, privately. Researchers also
hope to Þnd a form of AIDS prevention
that could permit pregnancy.

In the U.S. the medical community
and the government have taken steps
to ensure that women will no longer be
marginalized. Because the onus for ig-
noring womenÕs health appears to lie
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SONOGRAM of a fetus can reveal sex.
Some couples in China and India use
this information to abort females.

POVERTY can be more detrimental to
girls, including this Brazilian child, than
to boys. Girls are often less valued.

MALNUTRITION contributes to a
death rate of 61.2 per 1,000 Haitian
girls versus 47.8 per 1,000 boys.
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largely with the traditionally male-heavy
medical establishment, the profession
is under review. Horror stories from 
female residents about their male col-
leagues lopping oÝ a cadaverÕs breasts
and discarding them as unimportant
have set in motion curriculum debates;
educators are weighing the merits of
creating a specialty in womenÕs health. 

At the federal level, an OÛce for Re-
search on WomenÕs Health was estab-
lished at the National Institutes of Health
in 1990. Under the auspices of this of-
Þce, a multimillion-dollar study of the
eÝects of nutrition on the health of
older women is scheduled to start next
year. Clinical trials must also now in-
clude fair representation of women and
minorities. This requirement is, howev-
er, under attack by some scientists on
the grounds that meeting quotas could,
in certain cases, undermine both the
feasibility of the study and the validity
of the Þndings.

What works in the U.S. may not in
other cultural and political settings. As
Beverly WinikoÝ of the Population Coun-
cil in New York City points out, there
has been no movement calling for the
inclusion of women in clinical trials in
developing countries. ÒIn fact, it has
been the opposite: Do not experiment
on women,Ó WinikoÝ notes. A legacy of
being used as subjects in unethical birth-
control experiments has made women
skittish. In one such trial, Mexican-Amer-
ican women were told they were being
administered a birth-control pill, when
in fact many were being given a place-
bo. Those who became pregnant and
requested an abortion were not permit-
ted to have the procedure.

Shifts toward the focus on a life cycle
perspective in the international commu-
nity have arisen instead in large part
from womenÕs dissatisfaction with the

scope and quality of family-planning
services. Many programs established in
the 1960s to curb population growth
by providing contraception or steriliza-
tion evolved into the principal channels
through which to treat womenÕs health.
As in the U.S., however, the view of
women embodied in these services pri-
marily derived from their role as repro-
ducers. At Þrst, the goal was to ensure
that they had access to birth control so
as to curb population growth. Later, in
the early 1980s, some of these pro-
grams were expanded in an eÝort to
lower infant mortality.

Over time it became obvious that ser-
vices designed to achieve population-
control goals did not necessarily consid-
er womenÕs reproductive health needs.
Some programs were perceived as co-
ercive or were incomplete in following
up any adverse side eÝects caused by
contraceptives. ÒIt also became quite
clear that it was only the childÕs health
that mattered,Ó notes Adrienne Ger-
main, vice president of the Internation-
al WomenÕs Health Coalition in New
York City. ÒThe mother counted only as
a means of ensuring it.Ó

There were, and continue to be, griev-
ous ramiÞcations of this viewÑramiÞ-
cations that reveal the paucity of med-
ical information on womenÕs health.
Many practitioners, projecting industri-
al nationsÕ experience onto Southern
Hemisphere settings, assumed that what
was good for the mother was good for
the child, explains Deborah Maine, an
epidemiologist at Columbia University.
For instance, improving the nutritional
intake of a fetus seems, in a cultureless
context, a good idea. But in an impov-
erished region of Latin America, many
girls are stunted as a result of being in-
adequately fed when they were young-
er, and their pelvic bones and birth ca-

nal remain small. Thus, without access
to modern health services, a large baby
can mean death for the mother.

Despite such mistakes, the global fam-
ily-planning campaign to improve chil-
drenÕs health and to lower fertility has
been successful. Between 1960 and to-
day, infant mortality fell 43 percent, at
the same time the proportion of mar-
ried women in developing countries us-
ing some form of contraception in-
creased from 9 to 51 percent. Still, ma-
ternal mortality remains high. Some
500,000 women die every year as a re-
sult of complications during pregnancy
or delivery; an estimated 50 million
suÝer from related complications. ÒI
have been in a district hospital in
Bangladesh where they will do surgery
for accidents or Þghts among men, but
not cesarean sectionsÓ that are needed,
Maine says. ÒIt is not a high priority.
Well, that can kill you.Ó And it clearly
does. The diÝerence between maternal
mortality rates in developing countries
as opposed to rates in industrial coun-
tries continues to be signiÞcant: an av-
erage of 420 deaths per 100,000 births
versus an average of 26 per 100,000.

Unsafe abortions account for between
25 and 40 percent of this mortality. As
many as 60 million abortions are per-
formed annually, at least 50 percent of
them clandestinely in the 100 or so
countries where the procedure is illegal
or severely restricted. Many of them are
sought by teenagers and young unmar-
ried women, who have little access to
contraception because family-planning
programs were designed for married
women. In many countries, providing
contraceptives to teenagers is illegal.

ÒMost of the attention on womenÕs
health is paid in the Þrst few months
of life when there is attention on infant
mortality, then women disappear until
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TEENAGE MOTHER in Iowa is one
of the one million U.S. girls who
become pregnant each year.

HIV-INFECTED WOMAN is a member of
the fastest-growing segment of the pop-
ulation carrying the virusÑwomen. 

GENITAL MUTILATION is practiced in some African
countries, such as Egypt, where this procedure took
place. About two million girls are mutilated annually.

Copyright 1994 Scientific American, Inc.



we are concerned about their reproduc-
tive life, and then they disappear again,Ó
concludes Maureen Law of the Interna-
tional Development Research Center in
Ottawa and chair of the Institute of
Medicine report on women and nutri-
tion in sub-Saharan Africa that will be
released this fall.

Disappearing Women

Indeed, as health care advocates and
researchers point out, women and girls
simply disappear, and not just from the
minds of policymakers. A 1992 study
in Bombay found that of 8,000 abor-
tions performed after parents had de-
termined the sex of the fetus, only one
fetus was male. Beyond selective abor-
tion and infanticide of girls, boys often
receive preferential treatment. Develop-
ment experts, notably Amartya Sen of
Harvard University, have determined
that some 100 million women are  miss-
ing worldwideÑthe result of many 
sociocultural factors, including poor
health care, nutrition and poverty. 

Given equal care, the ratio of female-
to-male survival rates has been found
to be as high as 1.15. In places such as
Pakistan, however, the mortality rate of
girls is 1.5 times higher than that of
boysÑthe result of better nutrition for
boys. Throughout the world about 450
million women are stunted because of
malnutrition, as opposed to 400 mil-
lion men. Monica Das Gupta of Harvard
found that boys in India were 50 times
more likely to be treated for malnutri-
tion than were their sisters, even though
the condition was four to five times
more prevalent in the girls. In Punjab,
according to the United Nations, only
14 percent of low-income boys weigh
less than 70 percent of what is consid-

ered normal for their age, compared
with 50 percent of the girls. 

The inability of family-planning ser-
vices to deal with malnutrition, mater-
nal mortality and other aspects of wom-
enÕs health has led many specialists to
push for more realistic, and higher
quality, care. Instead of Òproviding fam-
ily planning and then trying to show
that it is good for womenÕs health needs,
you have to start with the needs and
work from there,Ó Maine comments.
Rather than focusing on fertility, women
and doctors argue that womenÕs health
is best served if treatment is compre-
hensive and takes into account the pa-
tientÕs social situation. Tackling mater-
nal mortality in Guatemala, for instance,
will make little diÝerence if girls are not
adequately nourished from birth.

By the same token, dispensing medi-
cation for malaria means nothing if
women are not showing up at the clin-
ic. Work by Carol VlassoÝ of WHO sug-
gests that some tropical diseases, such
as schistosomiasis and malaria, may
not be adequately understood or treat-
ed in women. Although the incidence
appears to be the same for both sexes,
studies have found that men are six
times more likely to request medication
or care. VlassoÝ notes that because
women or girls are frequently not high-
ly valued and often have no political or
economic power, the health care system
makes little effort to reach them. In
many African and Middle Eastern coun-
tries, women must obtain their hus-
bandÕs permission to visit health servic-
es. ( In contrast, American women ap-
pear to visit their physicians more
frequently than men do. Researchers
attribute this phenomenon to gyneco-
logical and obstetric care, womenÕs role
as the family health provider and the

socialization of men, which deters them
from seeking treatment.) 

Thus, if a womanÕs social contextÑin-
cluding her poverty, family structure or
lack of political powerÑis not taken
into account, it is argued, health needs
can never be fully met. Countless stud-
ies have demonstrated correlations be-
tween improving womenÕs educational
opportunities and Þnancial clout and
improving their health and that of their
children. For instance, a strong link has
been found between literacy and infant
mortality. One study found that 40 of
1,000 children born to literate mothers
died, as opposed to 120 of 1,000 born
to illiterate mothers. The U.N. estimates
that 597 million women are unable to
read, compared with 352 million men.

The idea of medicine as a culturally
tailored continuum of care forms the
core of the life cycle approach. ÒA lot
of interventions for womenÕs health are
best accomplished early,Ó says Anne
Tinker, senior health specialist at the
World Bank and editor of a report, Wom-
enÕs Health and Nutrition: Making a Dif-

ference. By considering the nutritional
intake of a young girl, health practition-
ers can ensure safer pregnancy and de-
livery later. Encouraging young women
to delay pregnancy until they have
Þnished school can lead to better em-
ployment opportunities and health.

The implementation of this philoso-
phy can be seen in the changing empha-
sis of international bodies such as WHO,
the World Bank and the U.S. Agency for
International Development. It can also
be seen in the explosion of womenÕs
health groups around the world. Repre-
sentatives from such groups strongly
inßuenced the guiding document draft-
ed for the U.N.Õs International Confer-
ence on Population and Development
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PAPILLOMAVIRUS is asso-
ciated with cervical cancer,
which kills 200,000 yearly.

ANEMIA PATIENTS in Ethiopia wait for
treatment. Some 450 million women in de-
veloping countries are anemic.

PRIMARY HEALTH CARE in western Kenya is typical for
many rural areas. Providing fuller services for women will
entail expanding the entire delivery system.
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that will be held this September in Cai-
ro. The theme of this conference, which
takes place once a decade, reßects
changes apparent in family planning.
In 1974 the key to reducing fertility was
articulated as the delivery of contracep-
tives; in 1994 the key is ensuring wom-
enÕs health and economic well-being.

Victory still lies a long way oÝ. Many
experts worry that expanding family-
planning services to include treatment
for, say, sexually transmitted diseases
(STDs) may undermine the quality of
care any one program could provide.
ÒConceptually, there is a lot of resis-
tance. Services do not want to be iden-
tiÞed with STDs. And they are politically
afraid of abortion,Ó WinikoÝ says. ÒSer-
vices want to be integrative but without
actually changing.Ó Nevertheless, health
care experts recognize the fact that
women have so little free time, so little
access and often travel such great dis-
tances to reach clinics that they need
one-stop shopping.

Although the Cairo conference will
probably set aside money for model
projects, a few examples already pro-
vide grounds for optimism that inte-
gration can work, assuming high-quali-
ty services shaped in consultation with
female patients. The Bangladesh Wom-
enÕs Health Coalition is often cited as a
successful example of integration. Wom-
en can get treatment for primary health
needs and gynecological problems as
well as care for their children. They also
have access to contraception and abor-
tion. The coalition has reported an an-
nual increase in use by women in rural
areas of 15 percent, an increase attribut-
ed to integrating services.

The life cycle concept has cast the net
wide, encouraging the consideration of
all facets of a womanÕs experience and

how they relate to her health. But the
net keeps getting snagged on one mat-
ter : sexuality. Sex has to be dealt with
apolitically and with more thorough
clinical care before STDs can be con-
trolled, safe abortions can be ensured
and adolescent pregnancy can be re-
duced. Such an approach collides with
social convention, political sensitivity
and religious stricture in many cultures
around the worldÑthe VaticanÕs eÝorts
to oppose the Cairo conference are but
one example. The conßict has become
so acute that simple facts about behav-
ior cannot be ascertained.

Even in the U.S., where the gathering
of demographic information is a well-
established industry, virtually no na-
tional surveys of sexual practices have
been made since Alfred KinseyÕs work
in the 1950s. In 1987 the National In-
stitute of Child Health and Human De-
velopment (NICHD) requested propos-
als for a national survey of sexual prac-
tices and attitudes among adults in the
age of AIDS and STDs (meaning, in this
case, infections such as Chlamydia,

gonorrhea, syphilis and human papillo-
mavirus). Yet as Edward O. Laumann of
the University of Chicago and several
colleagues discovered when they sub-
mitted a proposal and it was accepted,
the invitation actually meant very little.
The plan for the study was attacked by
Senator Jesse Helms of North Carolina,
and the NICHD backpedaled. Seven years
later the call for proposals still standsÑ
and, amazingly enough, it does not even
include the word Òsex.Ó As Laumann de-
scribes in a recent issue of Family Plan-

ning Perspectives, Òonly such terms as
the Ôproximate determinants of fertilityÕ
or Ôfertility-related behaviorÕ are used.Ó

The eÝects of this attitude on health
are obvious. WHO estimates that about

250 million new cases of STDs occur ev-
ery year, mostly in people between the
ages of 20 and 24. One in four Ameri-
cans will contract an STD at some time,
a proportion that is among the highest
in any developed country, according to
a report by Patricia Donovan of the
Alan Guttmacher Institute in New York
City. Because many of these diseases
are asymptomatic in women, they of-
ten go untreated until they cause such
eÝects as infertility, pelvic inßammato-
ry disease or death. Strains of the hu-
man papillomavirus can cause cervical
cancer, which kills more than 200,000
women annually. Many STDs cause HIV
to be transmitted more readily. Although
men also suÝer in great numbers, many
clinics and programs have been estab-
lished with them in mind. Furthermore,
there is often less stigma associated with
STDs in men than there is in women. 

Sex and the Single Teen

The other victims of the need for
more data on sexual behavior that
could shape realistic prevention pro-
grams are adolescents. ÒPeople do not
like to think of young people as being
sexually active, and they do not want to
think about the consequences,Ó says Ju-
dith Senderowitz, founder and former
director of the Center for Population
Options. ÒAnd we have a new situation,
a bio-social gap.Ó As the age at marriage
has increased and the age of menarche
has decreased as a result of improve-
ments in nutrition, Senderowitz ex-
plains, there is a window of about 10
years during which young people are
unmarried and sexually active but often
without access to sex education or birth
control. According to WHO, more than
half of the people infected with HIV
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CARE BY A MIDWIFE is often
the only prenatal service pro-
vided to women in Ghana.

FAMILY-PLANNING CLINIC in India oÝers
contraceptives. Globally, some 100 million
women desire these services.

DOMESTIC VIOLENCE is a leading cause of injury to
women. Up to 35 percent of womenÕs visits to U.S.
emergency rooms are to seek treatment for battering.
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worldwide are younger than 25 years.
The beneÞts of being open about sex-

uality are clear in Sweden. ÒThere is a
consensus in Sweden that sex is natu-
ralÑit is part of life,Ó Senderowitz notes.
Since 1942 sex education has been a
part of many school programs; since
1956 it has been mandated. As the rate
of abortions rose 43 percent in Ameri-
can girls under the age of 20 between
1975 and 1981, the rate fell 30 percent
in Sweden. Its rate of STD infection is
one of the lowest in the world.

In contrast, in the U.S., teenagers now
make up one fourth of those infected
with STDs. Sex education in the U.S.
varies from state to state; some pro-
grams do not even review contraception.
ÒMany of the existing sex education
programs provide too little informa-
tion too late,Ó asserts Shanti R. Conly, a
researcher at Population Action Inter-
national and co-author with Stephanie
L. Koontz of a recent report on adoles-
cent health, Youth at Risk: Meeting the

Sexual Health Needs of Adolescents. In
the developing world the situation is
much worse because sex education is
virtually nonexistent. In one case cited
by Conly and Koontz, one fourth of the
teenagers surveyed in Sri Lanka thought
a woman could become pregnant if she
wore clothing that had been worn by a
man. ÒIt is very important for national
governments to recognize this as a
public health issue and to get over the
moral and social taboos. I mean, this is
a crisis,Ó Conly urges.

Looking at sexual behavior in young
women requires consideration of the
subject in young men. Bruce Armstrong
of the Young MenÕs Clinic at Columbia
UniversityÕs School of Public Health
points out: ÒI think there is a growing
awareness that not to include menÑ
given what we know and given the biol-

ogy of reproductionÑis to really miss
the big picture.Ó Armstrong, who set up
his program in the mid-1980s, goes on
to note that Òin many relationships men
have a lot of inßuence over what behav-
ior gets performed.Ó

Male Responsibility

Similar insights have catalyzed a cau-
tious but growing male responsibility
movement. ÒNo one wants to shift the
burden to men, because that also shifts
the power,Ó WinikoÝ says. ÒBut it is good
to put on the table.Ó Because the origi-
nal family-planning programs focused
on womenÕs fertility, few sought to in-
clude men. Many women were forced
to hide their use of contraceptives. One
family-planning expert cites the exam-
ple of women in Zimbabwe who have
health workers hide birth-control pills
under rocks in the Þelds where they
farm. They do not want their husbands
to know. ÒI guess we came up against
the diÛculty of increasing contracep-
tive use and facing up to the fact that
women do not make these decisions on
their own,Ó says Susheela Singh, associ-
ate director of research at the Alan Gutt-
macher Institute. ÒThere is something
of a philosophical shift taking place in
the womenÕs health Þeld. The thinking
is that women should not be taking on
so much of the burden.Ó

Currently roughly 75 percent of ster-
ilizations take place in women, even
though tubal ligation can be risky and
expensive, when compared with vasec-
tomies. Yet vasectomy is increasingly be-
ing promoted as contraceptive services
at least try to involve men in the deci-
sion-making process. As Jill Gay of the
Pan American Health Organization says,
ÒMen are not getting the right treat-
ment. Men are excluded from reproduc-

tive health care. There are no workshops
for men, none on male sexuality, none
on male responsibility.Ó One program in
Egypt made such an eÝort, and within
a year contraceptive use doubled. Oth-
er programs have sought to educate
men about the importance of nutrition
during pregnancy. EÝorts in Thai ref-
ugee camps brought about health im-
provements in mothers and infants.

Men are also being included in the
Demographic and Health Surveys, which
track changes in international fertility
rates. Such data gathering has led to
the observation that in many places one
man can be responsible for creating
more children in his lifetime than one
woman may be. As Aaron Sachs, a re-
searcher at the Worldwatch Institute, re-
views in a recent report, Men, Sex, and

Parenthood in an Overpopulating World,

men in Cameroon who have children fa-
ther an average of 8.1Ñoften by diÝer-
ent partnersÑby the time they reach age
50, whereas women who have children
average 4.8.

Even sperm are beginning to shoul-
der some of the responsibility. The egg
is no longer solely liable for the health
or impairment of the fetus. This view
had, in some cases, put the fetus before
the mother, jeopardizing womenÕs right
to choose where to work. (This topic
came before the U.S. Supreme Court in
the case of Johnson Controls. The de-
fendant corporation had banned wom-
en from lucrative work because of con-
cern that exposure to lead might dam-
age a potential fetus. In 1991 the court
ruled against Johnson Controls.) As
more investigators concentrate on the
male role in fetal health, it is becoming
clear that male gametes also appear re-
sponsible for genetic defects. Further-
more, they may be just as susceptible
to occupational and lifestyle hazards as
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NURSING MOTHER AND HER CHILD work on a tree
farm in Bhutan. Many women have no choice but to
combine rigorous child care with physical labor.

BREAST CANCER, which aÜicts one in nine
women in the U.S., is frequently diagnosed
through the use of mammography. 

POVERTY AND OLD AGE can
be linked for women, as they
are for this Russian citizen.
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ova are. Benzene, lead and some pesti-
cides are among the compounds that
may impair the viability of sperm and
may then, in turn, cause stillbirths or
developmental problems.

By turning attention to men as well,
women are showing that the protection
of health is multifaceted and that nei-
ther sex bears all the responsibility. This
shift in gender relations is reßected in
another transformation that is under
way in the Þeld of womenÕs health: a
change in cultural relations. There is a
growing awareness that edicts or poli-
cies from developed countries are often
doomed to fail when imposed on devel-
oping countries. 

Female genital mutilation oÝers one
particularly powerful example. Every
year about two million girls in at least
26 African countries are clitoridecto-
mized or inÞbulatedÑthe process in
which the clitoris as well as the labia
majora and minora are destroyedÑof-
ten without anesthesia. In addition to
mutilation, the procedure can lead to in-
fection, septicemia and death. The cul-
tural origins of the practice are varied,
but some themes recur from place to
place. Genital mutilation is seen as a rite
of passage that ensures marriage. Many
women desire it because they have been
socialized to view their genitals as un-
attractive or because they think it is re-
ligiously mandated (which it is not) or
because their mothers and role models
have undergone the ritual.

Although Nahid Toubia, a physician
from Sudan who was formerly at the
Population Council, says the compari-
son is problematic, a quick glance at the
tradition of male circumcision can be
illustrative. ÒA lot of people in the U.S.
do not even want to talk about it, be-
cause it is linked to their own beliefs.
Which just shows you how people in

Africa behave,Ó Toubia notes. ÒIt is part
of their belief system, so they cannot
fathom living life without doing it.Ó
Some 85 percent of men in the U.S. are
circumcisedÑalthough the American
Academy of Pediatrics does not rec-
ommend or discourage the procedure.
One group of physicians suggests that
circumcision confers health beneÞts;
others argue that good hygiene elimi-
nates this advantage and that removing
the foreskin reduces sexual pleasure. 

Health surveys are just beginning to
incorporate questions on genital muti-
lation. As is true in so many other ar-
eas of womenÕs health, there are few
rigorous data to go on. Nevertheless,
Toubia says, between 85 and 114 mil-
lion women alive today have undergone
the operation. (Female genital mutila-
tion was practiced in Europe and the
U.S. as a remedy for hysteria, lesbian-
ism and masturbation, Toubia reports.)

Not only has the recognition of the
scope of such mutilation been slow, but
confronting it has revealed the limita-
tions of well-intentioned eÝorts to im-
prove womenÕs health. Although orga-
nizations of African women have been
trying to combat the tradition since the
1960s, Western politicians and wom-
enÕs groups have recently alighted on
female genital mutilation as the most
hellish practice around. Last October,
Congress drafted legislation, H.R. 3247,
to make it illegal in the U.S., as it is in
France and the U.K. Because of in-
creased immigration, there have been
anecdotal reports of clitoridectomy and
inÞbulation in the U.S. and in Europe.

According to many women in the
health Þeld, and according to many
Americans of African origin who are
working on the matter, punishment and
imperialistic reactions are exactly the
wrong approach. ÒIt is a gruesome and

extreme form of what women all over
the world suÝer : male-dominated soci-
etal control over their bodies. This one
is so direct and seems easy to deal with,
which is why people have focused on
it,Ó Toubia notes. But Òwe are talking
about a perceptual shift.Ó

Improving womenÕs health appears
to depend on just such a change in per-
ception, which is why the hardest work
for womenÕs health advocates and phy-
sicians may be yet to come. Ensuring
womenÕs health involves more than
drafting legislation to guarantee the in-
clusion of women in clinical trials or to
allocate funds to study and treat any
sex-speciÞc aspects of a tropical disease.
Instead the future of womenÕs well-be-
ing seems to center on the worldÕs ap-
proach to sex and to cultural diÝer-
ences. Without the involvement of men
and without a revolution of openness
in considerations of sexuality, society
cannot expect to conquer the ultimate
threats to the health of everyoneÑmale
and female. ÒThis is not about vacci-
nating people,Ó Toubia remarks. ÒIt is
about tackling sociocultural ideas.Ó
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LIFE CYCLE approach to health care would ensure that good nutrition in
girls, such as this infant from Sri Lanka, would lead to better health when
they are grandmothers.

OSTEOPORITIC BONE is less dense and more
friable than healthy bone. In the U.S. more than
24 million women suÝer from this condition.
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SCIENCE AND BUSINESS

Welfare Plastic
Electronic beneÞts may
become a big business

C
iticorp has entered a business
traditionally served by the cor-
ner check-cashing outlet. Recipi-

ents of public assistance who used to
redeem a welfare check at a window in
a local storefront may soon be using an
electronic network supplied by the na-
tionÕs largest bank holding company. 

Citicorp and other Þnancial institu-
tions are starting to serve these unlike-
ly markets because of state and federal
eÝorts to deliver government entitle-
ment programs on the network to the
millions of Americans who do not even
hold a savings passbook. The Clinton
administration has embraced electron-
ic delivery of beneÞts as a goal of Vice
President Al GoreÕs National Perform-
ance Review, which outlined a blueprint
for streamlining government. 

In late May, Gore announced a Þve-
year, nationwide program to furnish
electronically a broad range of federal
beneÞts, from food stamps to welfare
to military pensions. ÒThe plan is ele-
gantly simple with a dramatic impact,Ó
Gore commented at a news conference.
ÒIt says we will create one card, like
other ATM cards, to deliver all federal
and state government beneÞts.Ó

Gore could be talking real money. The
administration has estimated that $112
billion of federal beneÞts could be made
accessible annually by swiping a mag-
netic card through a retailerÕs point-of-
sale terminal or by tapping into an au-
tomatic teller machine. That amount is
equal to more than 60 percent of the
transactions that VISA tallies each year.
An interagency government task force
set up to administer this program has
estimated that it could yield savings of
$195 million a year. Savings would be
achieved by reducing the number of
paper forms to be processed and using
the eÛciencies of commercial Þnancial
networks.

So-called electronic beneÞts transfer
(EBT) could also turn into a substantial
market for Þnancial service providers.
Through the government, banks and
other institutions could Þnd at little
cost a large volume of customers they
do not now serve. ÒThereÕs not a lot of
marketing involved; nobody has to run

a 30-second commercial,Ó says Brian
Claire, senior director of Citibank EBT
Services in Chicago, which has contracts
to provide electronic beneÞts in Texas,
South Carolina and New York State. The
federal government is contemplating
spending $83 million as its share in es-
tablishing a nationwide EBT program.

The banks see another advantage:
the technology may help spur the ad-
vent of the noncash economy. The
point-of-sale terminals used by retail-
ers for food-stamp accounts might also
be adapted for debiting the bank ac-
counts of customers not receiving ben-
eÞts. That could be a step toward wean-
ing consumers from greenbacks and
from paper checks and invoices.

Today recipients tap beneÞts ac-
counts electronically in about 10 states,
although plans to implement a system
are being readied in more than half of
the 50 states. Only in Maryland does the
system operate statewide. Since April of
1993 MarylandÕs Department of Human
Resources has distributed an average
of $57 million each month in beneÞts,

comprising food stamps, welfare and 
a child-support program, to 170,000
households. The ÒIndependence CardsÓ
distributed to these homes provide ac-
cess within Maryland to 1,800 automatic
teller machines and 3,300 food stores
with point-of-sale terminals.

A card, swiped through the retailer
terminal in the checkout line, serves as
a key that unlocks a beneÞts holderÕs
account. The recipient then punches
into the terminal a four-digit identiÞca-
tion code. If suÛcient funds have been
credited to a welfare or child-support
account, a cardholder can request mon-
ey from the cashier at some stores. Or
a food-stamp account can be debited
to purchase groceries. The card can
also be used to withdraw money from
a welfare or child-support account over
a bankÕs automatic teller network.

Maryland has already achieved a mea-
sure of success. Abt Associates, a Cam-
bridge, Mass., social sciences consult-
ing Þrm, estimated that EBT achieved a
modest savings over the existing paper
system: issuing paper welfare checks
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CHECKING IT OUT: the state of Maryland has instituted a program for electronic
delivery of food stamps (shown here), welfare and child support.
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turns out to be less expensive than hav-
ing recipients use automatic teller ma-
chines. That deÞcit is more than oÝset,
however, by electronic food stamps. It
costs more to issue and distribute food-
stamp booklets than to have clients use
supermarket point-of-sale terminals.
Economies were realized in other areas,
mostly for reduced fraud and error. 
In total, the estimated annual savings
from electronic beneÞts amounted to
$454,000, an almost 4 percent reduc-
tion in costs to run the undertaking.
ÒThe EBT program we evaluated was 
a success,Ó says John A. Kirlin, of Abt
Associates. 

Maryland might have lowered pro-
gram expenditures still further if retail-
ers had to purchase their own point-of-
sale terminals, if banks discounted fees
because of the volume of transactions
generated or if beneÞts recipients had
to pay their own transaction fees.

The state also discovered the idio-
syncrasies inherent in maintaining its
beneÞts caseload on the network. Al-
though the cards are designed to pre-
vent food stamps or welfare checks
from being stolen, the state ran into a
few instances in which its own workers
allocated themselves cards and cash
balances. In addition, the cards can be
easily lost or the magnetic validation
stripe may wear oÝ when a card is
stored in a back-pocket wallet; the
agency now issues as many as 6,000
replacement cards a month.

Training people who cannot read or
who have no dealings with a bank is as
much a challenge as preventing card
losses. Deluxe Data Systems, which sup-
plies the electronic networking services,
had to recruit interpreters who spoke a
Southeast Asian dialect that had no
word for automatic teller machine. The
loose translation for ATM amounts to
Òthe big box with the little window.Ó
ÒThis takes a type of technology that a
lot of us have taken for granted and ap-
plies it to a group that has been passed
by,Ó says Tom McLaughlin, Deluxe
DataÕs vice president of government
services. Also, many food-stamp recipi-
ents prefer standing in line with a mag-
netic card rather than a stamp booklet.
ÒIt really has lifted peopleÕs self-es-
teem,Ó says Dale E. Brown, project man-
ager for beneÞts transfer for MarylandÕs
Department of Human Resources.

Maryland has been heartened enough
by the program results that it has de-
cided to place point-of-sale terminals
for paying bills in a few utility compa-
ny and state housing department ofÞc-
es. It has even begun to test letting food-
stamp clients pay for fruit and vegeta-
bles at a farmerÕs market through an
electronic linkup by cellular telephone.

The Maryland experience suggests
that EBT may help spur a gradual move-
ment away from cash. Shortly after the
point-of-sale terminals were installed,
some 450 Maryland stores contracted
with area banks to allow electronic pay-
ments for nonbeneÞts transactions, al-
lowing customers to pay with a bank
card or a credit card. ÒEBT puts an in-
frastructure in place for debit cards,Ó
McLaughlin says.

With the advent of a nationwide pro-
gram, EBT will go to the 31 million ben-

eÞts clients who receive food stamps
or who do not maintain a bank account
into which cash beneÞts are deposited
directly. States administer some but
not all federal beneÞts programs. But
the goal of the Clinton administration
to provide EBT will require that a card-
holder be able to get funds across a
state line. The federal government is
now organizing a regional test of EBT
in nine southern states.

As beneÞts go electronic, privacy will
surely become an issue. Checkout scan-
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From Swords to Mouse Ears

The parents of Mickey Mouse and Donald Duck are thinking of joining
forces with the folks who brought you Fat Man and Little Boy. The vast en-

tertainment empire founded by Walter Elias Disney has shown a keen interest
in how it might put to good use a range of technologies developed at the im-
mense Los Alamos and Sandia weapons complexes in New Mexico.

The unlikely collaboration might benefit both bomb maker and theme park
owner. The two laboratories could perhaps achieve a high-profile partnership
that would burnish their image as they inch toward a post–cold war identity.
Meanwhile instrumentation, sensors, microchips and other gizmos from the
innards of the New Mexican research compounds could help make the Dis-
ney parks run more efficiently or perhaps even lend high-tech cachet for re-
vivifying aging displays at Epcot Center.

So far a contract to work together closely has yet to be signed, and details
of the talks are sparse. In a reversal of roles, laboratory officials eagerly want
to discuss an agreement that would trumpet the commercial relevance of
their labors, but a reticent Disney organization has tried to keep specifics
cloaked in Manhattan Project–like secrecy.

Yet this spring a group of Los Alamos researchers visited Disney World in
Orlando, Fla., to demonstrate a testing technique—resonant spectroscopy—
that might probe the structural integrity of park rides. It works by using a re-
mote-sensing device that detects the vibrations, measured as the resonant
frequencies, that are generated in steel and concrete by the motions of, say,
a ride vehicle. A crack or other flaw causes an expected pattern of reso-
nances to be altered.

Disney officials have pondered the potential of other laboratory offerings:
specialized microchips that can be used as electronic timing devices for fire-
works; advanced materials and fuels that increase the life or efficiency of
rides; computerized control systems that add lifelike movement to a man-
nequin of Pluto or Goofy; tickets encoded with information about an individ-
ual patron; and laser remote sensing to help optimize the amount of mois-
ture in the air of the hydroponics exhibit at Epcot Center.

As with other ventures between national laboratories and private industry,
the final terms of an agreement may prove nettlesome. Despite efforts at
streamlining these types of contracts, the Department of Energy, which funds
the national laboratories, continues to wrestle with how to give private in-
dustry the exclusive access it wants to technology originally paid for from
public coffers.

If Sandia and Los Alamos can strike a bargain with hard-nosed Disneyites,
a new era of deal making between government researchers and entertain-
ment and consumer products companies may open. Laboratory chemists un-
der contract to McDonald’s might apply their skills to make a low-fat ham-
burger—or maybe even a high-fat one—that tastes like real meat. Domino’s
Pizza could equip its delivery trucks with radar or infrared sensors to warn of
impending collisions with other vehicles. Disney could take advantage of Los
Alamos’s supercomputing expertise to remake Fantasia in three or perhaps
more dimensions.

For physicists ensconced in the high Southwest, these options may lack
the thrill of setting off a multimegaton underground nuclear test. But, heck,
they beat working at McDonald’s. —Gary Stix
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ners now identify eligible food-stamp
purchases; nonfood items are prohibit-
ed under the program. But the comput-
ers that disburse food credits could po-
tentially keep a record of a food-stamp
recipientÕs shopping list. ÒYou would
try not to collect that data when setting
up a privacy-safe system,Ó says Marc
Rotenberg, director of the Electronic
Privacy Information Center.

Another simmering controversy is
whether beneÞts recipients should be
aÝorded the same protection against
theft or misuse of their cards as are
bank automatic-teller cardholders. A
ruling by the Federal Reserve in Febru-
ary held that Regulation E, which makes
a cardholder liable for no more than

$50 if notiÞcation is given within two
days of when the card is lost or stolen,
should be extended to EBT users within
three years. The delay in implementa-
tion of the regulation is intended to al-
low the federal and state governments
to resolve the issue of who pays when
a card is fraudulently used. Neither
state governments or federal agencies
nor banks or retailers want to foot these
costs. States have predicted that the an-
nual liability across the nation could to-
tal $500 to $800 million. ÒRegulation E
gives recipients far more rights than
they have today,Ó McLaughlin says.

Welfare-rights groups, however, have
lobbied hard for these protections, say-
ing that without the regulation in place,

a two-tiered system would emerge that
would discriminate between rich and
poor. ÒOur concerns are that recipients
need to be protected from losses that
occur through no fault of their own
when going to the new system,Ó says
Barbara Leyser, a senior policy analyst
at the Center on Social Welfare Policy
and Law, an advocacy group for those
receiving public assistance.

The states have labeled the liability
question one that could become an ob-
stacle in making progress toward a sys-
tem that delivers beneÞts electronical-
ly. Distributing federal money to those
in need will inevitably provoke debate
whether a check is on the network or
in the mail. ÑGary Stix
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Antigreen Greenies
Activists ßag opposition to 
the royal and ancient game 

B
ecause fairways, greens and
roughs can consume 150 acres
and frequently require copious

amounts of fertilizer and pesticide, the
game of golf is an environmentally du-
bious symbol of membership in the
worldÕs business community. In the
U.S. alone there are more than 14,500
courses, occupying an area bigger than
the state of Delaware. An estimated
25,000 links dot the face of the globe.

But the royal and ancient sport, as 
it is known, has provoked an equally
global backlash from environmental-
ists. They believe that space given over
to doglegs and bunkers serves only to

rob farmland, destroy national parks,
waste precious water and increase the
use of toxic pesticides and herbicides
needed to keep greens green.

A worldwide antigolf campaign be-
gan last year when a group of linkso-
phobes from Indonesia, Malaysia, India,
Hawaii, Hong Kong, the Philippines, Ja-
pan and Thailand established the Glob-
al Anti-Golf Movement (GAGM), which
is contracted to an acronym with the
forbidding pronunciation of Ògag Õem.Ó
This grassroots movement has broad-
cast its presence by declaring a World
No Golf DayÑand subsequently a World
No Golf Year. GAGM has also militated
for a moratorium on new golf course
construction and called for a ban on
the introduction of the sport into the
Olympics.

The United Nations Security Council
is not contemplating a special session

on golf. But tensions between course
developers and their opponents have
at times degenerated into violence. In
the newly developing countries of
Southeast Asia, the game has become 
a symbol of the lifestyle of emerging
elites that threatens the livelihoods of
traditional farmers.

Par-3 holes, in fact, can displace
farms. In Cijayanti, Indonesia, 30 miles
south of Jakarta, farmers burned a con-
struction encampment of a company,
Light Instrumenindo, after the develop-
erÕs security guards reportedly attacked
a local villager. The company oÝered to
pay a mere 60 rupiah (Þve cents) per
square meter for the farmland there.
One Indonesian activist, Dedi Ekadi-
brata, was sentenced this spring to 18
months in prison for provoking the
protest and arson.

A Thai documentary, Green Menace:

The Untold Story of Golf, chronicled how
some golf courses have illegally drained
large quantities of water from reservoirs.
Once built, the courses provide scant
employment, according to Thai activist
Anita Pleumarom. The female caddies
who do work there, she says, are often
called on for extracurricular favors. ÒItÕs
clear that theyÕre not only carrying golf
bags but are available for other servic-
es as well,Ó Pleumarom says.

The trophy for the most bizarre golf-
related spectacle goes to Vietnam. A
hundred Vietnamese soldiers, metal de-
tectors in hand, were reported to have
combed the countryside in Song Be
Province for unexploded bombs, a pre-
lude to clearing this once bloody bat-
tleground for a golf resort.

The golf establishment, whose politi-
cal epicenter lies in the U.S., has gone
on the oÝensive by showcasing proj-
ects that minimize the disruption of
land sculpted into fairway and green.
The American Society of Golf Course
Architects has cited a course designed

THAILANDÕs more than 160 golf courses have come under Þre from activists who
have criticized the game because of environmental excesses.
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by one of its members in Gaylord,
Mich., called the Natural, that has only
32.2 acres, or 17 percent of its terrain,
maintained as manicured turf; the rest
has been left untouched. In spirit, the
Natural constitutes homage to earlier
practitioners of the sport. They would
cut holes with a penknife and stick a
feather in them. Rabbits or sheep were
coopted as greenskeepers.

This strategy may not prevail in golfÕs
new empire. Playing on an untended
course may not carry over easily to the
Thai or Indonesian countryside. The
desire in those places to imitate the un-
earthly verdure of the chemical-fed
greens and fairways of Augusta or Palm
Springs will require healthy doses of
pesticides and fertilizer. Komodo drag-
ons, moreover, have never shown an
appetite for imported American turf
grasses. ÑGary Stix

Rotaxanes
These organic molecules
may serve as nanoswitches

I
n their quest to build viable, nano-
scale devices, researchers have
turned most often to the tools of

solid-state physics, using methods such
as lithography and vapor deposition to
fashion ever shrinking switches, levers
and ratchets from silicon. Now organic
chemistry may be making a contribu-
tion to this Þeld as well, in the form of
a class of molecules called rotaxanes.

In general, these structures resemble
a bead on a thread. At room tempera-
ture the bead, an electron-accepting cy-
clophane, shuttles rapidly along the
thread, stopping at certain sections that
can donate electrons to it. Chemists can
use light, chemicals or electrical charges
to control the beadÕs exact location. In
this way, the interplay between the bead
and the thread provides the basis for
an ideal molecular switch.

Anthony Harriman and Andrew C.
Benniston, both at the Center for Fast
Kinetics Research at the University of
Texas at Austin, have created what
could be a rotaxane switch thrown by
light. The compound comprises a cyclo-
phane bead strung on a thread having a
central benzoxy station and a ferrocene
knot at each end. When the workers il-
luminate the system using a laser, pho-
tonic energy prompts an electron-trans-
fer reaction that leaves a positive charge
at one ferrocene knot. A coulomb re-
pulsion between this end point and the
positively charged bead then pushes
the bead to the far side of the thread.

Unfortunately, after a few picosec-

onds, the original charge distribution is
restored, shutting the putative switch
oÝ. ÒThis is absolutely useless,Ó Harri-
man jokes. ÒBut after the Þrst reaction,
you can initiate a second electron trans-
fer that incorporates the ferrocene stop-
per,Ó he notes. The rate of this reaction
depends on the distance between the
charges. Harriman therefore hopes to
devise a less Þckle switch by develop-
ing a system in which either a mem-
brane or a series of smaller steps in-
creases the distance between charges.

A simpler, more direct approach may
be to move the bead using electrochem-
ical and chemical persuasion. Angel E.
Kaifer, with Richard A. Bissell and Emi-
lio C�rdova of the University of Miami
and J. Fraser Stoddart of the University
of Birmingham, reported in Nature an-
other rotaxane that contains a cyclo-
phane bead, a benzidine station, a bi-
phenol station and two silicon knots.
At 229 kelvins, for 84 percent of the
molecules, the bead encircles the ben-
zidine group. When the workers place a
positive charge on this group, by proti-
nation using an acid or electrochemical
oxidation, the like-charged bead then
hovers exclusively around the biphenol
station. ÒThis rotaxane system is unique
in that we have two handles by which
we can control it,Ó Kaifer says. Unlike
Harriman and BennistonÕs system, the
bead will remain at the biphenol station,
say, in the ÒonÓ position, until switched
oÝ by a reverse reaction.

Nevertheless, because the electron
transfer requires several milliseconds,
the chemical switch is slower than its
light-activated counterpart. In a light-
triggered system the reaction takes but
a few picoseconds. ÒYou can also use
several lasers of diÝerent color in se-
quence to excite diÝerent components
in the molecule,Ó Harriman adds. For
now, neither scheme clearly holds the
upper hand. ÒThis is really very prelim-
inary research,Ó Kaifer says. ÒThese are

all relatively primitive molecules, and
we should expect to see much better
versions in the future.Ó

To concoct rotaxanes, chemists rely
on template-directed synthesis, a tech-
nique Stoddart pioneered. The strategy
mimics the mechanism by which intri-
cate molecules assemble themselves in
nature. Scientists follow the way in
which a productÕs ingredients will align
themselves naturally (according to weak
electrostatic interactions between them)
as a template of sorts. Using this pat-
tern, they can lay the pieces out so that
the proper bonds will eventually snap
into place, like a self-pitched tent.

More sophisticated rotaxanes contin-
ue to appear, but chemists have yet to
incorporate them successfully into
working widgets. ÒWe still need to de-
termine how we are going to hardwire
these molecules to the outside world,Ó
Kaifer says. He suggests that perhaps
the threads can be attached to an elec-
trode surface, in which case an applied
potential could bounce the bead back
and forth. These movements might be
harnessed to drive a molecular, electri-
cal engine. ÒItÕs very easy to say that
this is the objective,Ó Harriman states,
Òbut such feats are several generations
of molecules away.ÓÑKristin Leutwyler
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More Bits from Pits
Will optical disks be the 
dominant storage medium?

R
ecent innovations are thrusting
the optical disk into contention
as the primary storage medium

of the information age. The advances
may enable optical disks to supplant
videotapes, hard drives in computers
and other magnetic storage devices.

Optical disks store data in the form
of minute, oblong pits that cause ßuc-

ROTAXANE provides the basis for a molecular switch. Chemists control the position
of the bead along the thread using photochemical or electrochemical methods.
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tuations in the brightness of a laser
beam reßected oÝ the diskÕs surface.
These ßuctuations metamorphose into
a stream of ones and zeros and thus
into information that the user receives
as text, image, soundÑor a combina-
tion of the three.

In May, Sony revealed an innovation
that greatly increases the capacity of a
disk. In conventional optical disks, in-
formation is stored by varying the

length of each pit and the distances be-
tween the pits. The Sony workers placed
the centers of the pits at regular inter-
vals with respect to one another while
varying the distance from the front and
rear edge of each pit to its center. This
scheme doubles the number of bits
that each pit holds.

Rewritable optical disks are challeng-
ing the supremacy of the rewritable
hard drives and ßoppy disks found in

most computers. Called phase-change
optical disks, they are coated with a
thin, crystalline Þlm. When a laser beam
strikes the Þlm, it forms glasslike, or
amorphous, spots that change the ÞlmÕs
reßectivity. A low-intensity laser beam
can restore the crystalline structure.

Toshiba has developed a 3.5-inch,
double-sided disk that holds 606 mega-
bytes. Late last year Matsushita rolled
out 5.25-inch phase-change disks hav-
ing a capacity of 1.5 gigabytes. This
May the company announced a meth-
odÑsimilar to SonyÕs edge-modulation
techniqueÑthat could quadruple the
capacity of a phase-change disk to six
billion bytes. A single such disk could
store a million pages of text or several
feature-length movies.

At the IBM Almaden Research Center,
workers have multiplied the capacity of
disks by stacking them on top of one
another. Hal J. Rosen of IBM describes
the innovation as making compact discs
a three-dimensional rather than merely
a two-dimensional storage technology.

Unlike conventional compact discs,
which are coated with opaque metal
Þlms, the IBM optical disks are virtually
transparent, allowing the laser to pene-
trate them and scan the surface of disks
below. At the same time, the surfaces
are reßective enough so that when the
laser focuses on them, it can read the
pits. A movable lens adjusts the focal
point of the laser, allowing it to read
the surface of any disk in the stack.

So far the IBM researchers have man-
aged to place as many as six disks in a
single stack. They say there are no tech-
nical obstacles to creating sandwiches
of 10 disks, which would be only slight-
ly thicker than a standard compact disc.
The technique could also be applied to
rewritable disks, Rosen says.

All these developments, combined
with shorter-wavelength semiconduc-
tor lasers and superior video-compres-
sion techniques, may soon enable con-
sumers to record full-length videos, for
example, on small optical disks rather
than big, boxy tapes. On the other hand,
new products must have a clear margin
of superiority to displace existing tech-
nologiesÑparticularly if these products
are not compatible with the old. Even in
the era of compact discs, there are no
doubt a few diehards who have held on
to their record players because they
have no other way of listening to their
vintage collection of Sinatra. Although
bankers and scientists might not suÝer
from such sentimental attachments,
they might also be reluctant to invest
in technologies that render obsolete
their prized collections of Þnancial data
or records of emissions from pulsars. 

ÑJohn Horgan and Robert Patton
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Illegitimi non Carborundum

Although blessed with an extraordinary strength-to-weight ratio and good 
tolerance of heat, carbon fiber has not yet moved out of its boutique

niche in the manufacturing world. The fiber is found in tennis and squash rac-
quets, in missile nose cones, in rocket-engine nozzles and in structural com-
ponents of spacecraft such as the Hubble Space Telescope. The material also
appears in military aircraft. But in down-to-earth civil engineering—where
carbon fiber’s properties should also give it a powerful advantage over tradi-
tional materials—the wonder fiber remains largely unknown.

The primary reason is cost: materials for a cable made out of carbon fiber
are about 20 times more expensive than is a steel cable capable of carrying
the same weight, according to John M. Walton of Bridon Ropes, a British com-
pany in Yorkshire that is a major supplier for suspension bridges. Bridon has
decided to challenge these economics. The firm is supplying cable for what
Walton believes will be the first bridge to use supports made of carbon fiber.
The cables consist of 61 rods, each containing hundreds of fibers thinner
than a human hair, twisted together in a matrix of epoxy resin.

The price disadvantage is less daunting in finished cables than it is in the
raw material, Walton says, because carbon-fiber cables are lighter to work and
to transport. The economic pendulum swings even farther in favor of carbon
when maintenance costs over the product’s life cycle are factored in. The ca-
bles Bridon will use in the bridge perform better in fatigue tests than does
steel, and they need no painting. Tests at the University of Cambridge show
the rods that make up the cables become even stronger when they are wet.

Furthermore, the properties of carbon fiber mean it can be fashioned into
engineering achievements that would otherwise be impossible. For example,
carbon fiber’s fivefold weight advantage over steel means that the material
could be used to build a suspension bridge whose span can extend three
times farther than one supported by the conventional material—almost 10
miles, as opposed to less than three miles.

But the first carbon fiber–supported bridge will not, alas, vault the Straits
of Gibraltar. Instead it will reach 38 meters over the A50 highway at Meir in
Britain’s West Midlands, allowing pedestrians to cross in safety. Ironically, the
fiber cable has to be encased in stainless steel to protect it from social rather
than engineering forces (the knives of vandals: though strong, carbon-fiber
cable can be cut quite easily). Walton hopes the experience gained with the
bridge, which was designed by the engineering company Scott Wilson Kirk-
patrick and commissioned by the Department of Transport, will lead to big-
ger things.

In the U.S., engineers expect to dispense with the preliminaries. A traffic-
bearing bridge using carbon-fiber cables is being planned by a team at the
University of California at San Diego to cross Interstate 5, which runs the length
of the West Coast. The university, together with the Center for Composite
Materials at the University of Delaware, recently received federal funding to
find ways of rehabilitating battered and worn-out bridges and highways.

Carbon-fiber cables might also be used for anchoring deep-sea floating oil
rigs. At present, production platforms are impractical in more than 4,500 feet
of water, because the amount of buoyancy needed to offset the weight of the
mooring cables becomes prohibitive. Carbon cables would allow platforms
to be anchored in waters 9,000 feet deep, according to one estimate. Should oil
companies pursue that option, carbon fiber will help them increase their access
to an even more eagerly sought form of the element. —Tim Beardsley
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THE ANALYTICAL ECONOMIST

F
or the Þrst century or so of the in-
dustrial revolution, increased pro-
ductivity led to decreases in work-

ing hours. Employees who had been put-
ting in 12-hour days, six days a week,
found their time on the job shrinking
to 10 hours daily, then, Þnally, to eight
hours Þve days a week. Only a genera-
tion ago social planners worried about
what people would do with all this new-
found free time. In the U.S., at least, it
seems they need not have bothered.

Although the output per hour of work
has more than doubled since 1945, lei-
sure seems reserved largely for the un-
employed and underemployed. Those
who work full-time spend as much time
on the job as they did at the end of
World War II. In fact, working hours
have increased noticeably since 1970Ñ
perhaps because real wages have stag-
nated since that year. Bookstores now
abound with manuals describing how
to manage time and cope with stress.

There are several reasons for lost lei-
sure. Since 1979, companies have re-
sponded to improvements in the busi-
ness climate by having employees work
overtime rather than by hiring extra per-
sonnel, says economist Juliet B. Schor of
Harvard University. Indeed, the current
economic recovery has gained a certain
amount of notoriety for its ÒjoblessÓ
nature: increased production has been
almost entirely decoupled from em-
ployment. Some Þrms are even down-
sizing as their proÞts climb. ÒAll things
being equal, weÕd be better oÝ spread-
ing around the work,Ó observes labor
economist Ronald G. Ehrenberg of Cor-
nell University.

Yet a host of factors pushes employ-
ers to hire fewer workers for more
hours and, at the same time, compels
workers to spend more time on the
job. Most of those incentives involve
what Ehrenberg calls the structure of
compensation: quirks in the way sal-
aries and beneÞts are organized that
make it more proÞtable to ask 40 em-
ployees to labor an extra hour each than
to hire one more worker to do the same
40-hour job.

Professional and managerial employ-
ees supply the most obvious lesson
along these lines. Once people are on
salary, their cost to a Þrm is the same
whether they spend 35 hours a week in

the oÛce or 70. Diminishing returns
may eventually set in as overworked
employees lose eÛciency or leave for
more arable pastures. But in the short
run, the employerÕs incentive is clear.

Even hourly employees receive bene-
ÞtsÑsuch as pension contributions and
medical insuranceÑthat are not tied to
the number of hours they work. There-
fore, it is more proÞtable for employers
to work their existing employees hard-
er. Back in 1930s, when laws that man-
dated time-and-a-half for overtime were
Þrst enacted, notes Lotte Bailyn of the
Massachusetts Institute of Technology,
beneÞt packages were much smaller,
and increased wages spurred employ-
ers to hire new workers. Now, however,
beneÞts have increased to the point
where employers Þnd overtime more
proÞtable. Bailyn says many have even
structured wages so that employees
consider extra payments part of their

basic pay. In addition, many employers
are cutting back on benefits, while sal-
aries are remaining the same.

Payroll taxes imposed by the govern-
ment tip the scales even further away
from hiring additional workers, Ehren-
berg explains. Unemployment insurance,
workersÕ compensation and Social Secu-
rity taxes are ostensibly levied accord-
ing to each employeeÕs earnings. But
wage capsÑabove which additional pay
results in no additional taxÑare set far
too low, he says. Unemployment insur-
ance contributions, for example, take
into account only the Þrst $12,000 of
each workerÕs pay.

For all that employees complain about
long hours, they, too, have reasons not
to trade money for leisure. ÒPeople who
work reduced hours pay a huge penal-
tyÓ in career terms, Schor maintains. ÒItÕs
taken as a negative signalÓ about their
commitment to the Þrm. Bailyn adds
that many corporate managers Þnd it
diÛcult to measure the contribution of
their underlings to a ÞrmÕs well-being,

so they use the number of hours worked
as a proxy for output. ÒEmployees know
this,Ó she says, and they adjust their be-
havior accordingly.

Although Òthe image of the good
worker is the one whose life belongs to
the company,Ó Bailyn says, Òit doesnÕt
Þt the facts.Ó She cites both quantita-
tive and qualitative studies that show
increased productivity for part-time
workers: they make better use of the
time they have, and they are less likely
to succumb to fatigue in stressful jobs.
Companies that employ more workers
for less time also gain from the result-
ing redundancy, she asserts: ÒThe extra
people can cover the contingencies that
you know are going to happen,Ó such as
when crises take people away from the
workplace. Positive experiences with re-
duced hours have begun to change the
more-is-better culture at some compa-
nies, Schor reports.

Larger Þrms, in particular, appear 
to be more willing to experiment with
ßexible working arrangements. Never-
theless, signiÞcant changes lie ahead 
if work schedules are to return to the
downward trend they followed for more
than a century before World War II. Fi-
nancial barriers as well as cultural ones
must go, Ehrenberg says. He recom-
mends lifting the wage caps for unem-
ployment insurance and other govern-
ment leviesÑwith a concomitant lower-
ing of rates. He also suggests that new
deductions, such as funds for national
health insurance, be based on hourly
payrolls. The cost of hiring new work-
ers will thus no longer be artiÞcially
inßated.

It may take even more than changes
in the Þnancial and cultural structures
of employment for workers successful-
ly to trade increased productivity and
money for leisure time, Schor contends.
She says the U.S. market for goods has
become skewed by the assumption of
full-time, two-career households. Auto-
mobile makers no longer manufacture
cheap models, and developers do not
build the tiny bungalows that served the
Þrst postwar generation of home buy-
ers. Not even the humblest household
object is made without a microproces-
sor. As Schor notes, the situation is a cu-
rious inversion of the Òappropriate tech-
nologyÓ vision that designers have had
for developing countries: U.S. goods are
appropriate only for high incomes and
long hours. ÑPaul Wallich

A Workaholic Economy

Output per hour
of work has doubled 
since 1945Ñand leisure 
time has dwindled.
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THE AMATEUR SCIENTIST conducted by Kyle M. Becker

T
he principles of tracking subma-
rines and other objects underwa-
ter have, perhaps surprisingly, re-

mained largely intact since early this
century. One simple means is to lower
a hydrophone into the water to pick up
sound. Indeed, this column described
how to build such a device years ago
[see ÒThe Amateur Scientist,Ó March
1964 and August 1970]. A more active
approach sends sound waves that echo
oÝ a target. Objects of various shapes,
sizes and composition reßect sound
waves diÝerently. This acoustic signa-
ture enables a listener to determine
whether an enemy submarine or some
other object is approaching [see ÒThird
World Submarines,Ó by Daniel J. Revelle
and Lora Lumpe, page 26]. Although the
military relies on sophisticated electron-
ic equipment to decipher the echoes, a
simple, low-cost transducer can illus-
trate the essential principles. Easy to

build, such transducers are also much
cheaper than commercial Þsh Þnders,
which operate in a similar way.

The basis for the transducer design
is a piece of piezoelectric ceramic. When
squeezed, this substance develops an
electrical voltage across its ends. Con-
versely, applying a charge to the faces
makes the material ßex. An alternating
voltage causes the ceramic to expand
and contract in succession, yielding an
acoustic wave. Acoustic waves likewise
cause an alternating charge to develop
across the faces of the ceramic. Mea-
suring the characteristics of the voltage
indicates the kind of object from which
the sound waves are reßecting.

The ceramic used for this construc-
tion is Navy type-I lead zirconate titan-
ate or Vernitron type PZT-4. It can be
obtained in several forms from various
manufacturers. I got mine from EDO
Acoustics (Ceramics Group, 2645 South
300 West, Salt Lake City, UT 84115; tele-
phone: 801-486-2115). You will need a
ring of the material that is half an inch
thick. A ring breaks up unwanted vibra-
tion patterns that exist radially through
the disk and that compromise its per-
formance. The disk should have a two-
inch outside diameter and a 3 Ú 8-inch
inside diameter. It is probably best to
order the piece as a ring, as drilling
holes through ceramic is not a trivial
process. I had to send mine out, and it
cost me $25. Make sure you purchase a
ceramic that is polarized through its

thickness and has both faces silvered.
Building the transducer means con-

necting a couple of wire leads to the ce-
ramic disk and then mounting it in a
suitable housing. Cast-iron pipe Þttings,
available from hardware or plumbing
supply stores for about $5, make a
good container. I used a pipe two and a
half inches long and half an inch in di-
ameter and a pipe converter. The con-
verter is just a piece of tubing wider on
one end than it is on the other. The tail
end of the pipe converter should be
half an inch wide so that the other pipe
can screw into it. The mouth should be
just wide enough to accept the ceram-
ic. I used one whose mouth end was
two inches wide, but I had to machine
the threads out to give myself room to
work. File smooth the top surface of the
pipe converter and connect the pipe to
the tail of the converter [see illustration

on opposite page].
Next, prepare the ceramic for mount-

ing. Begin by soldering a short lead to
each face of the disk. To further sup-
press unwanted vibrations in the ce-
ramic, you will need some Corkprene, 
a pliable, corklike material (made by
Armstrong World Industries in Lancas-
ter, Pa.; grade number DC-100). I re-
ceived a three-foot-square, 1 Ú 16-inch-
thick sheet courtesy of Expanco Cork
Company (P.O. Box 384, 1139 Phoenix-
ville Pike, West Chester, PA 19380; tele-
phone: 610-436-8300). Wrap the peri-
meter of the ceramic with the Cork-
prene and attach two additional layers
to the back face of the disk. To connect
the Corkprene to the ceramic, use Plio-
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Scanning Underwater Surfaces

KYLE M. BECKER, who earned his de-
gree in mechanical engineering from
Boston University, is in the graduate pro-
gram of acoustics at Pennsylvania State
University. His thesis explores how dif-
ferences in the surface along the ocean
bottom aÝect acoustic signals.

CALIBRATING the transducer demands some electronic devices, an outdoor pool
and a calm day. The oscilloscope displays the transmitted signal and echoes.
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bond, an adhesive available at hardware
stores. With the leads and cork in place,
the ceramic is ready for mounting.

Prepare the housing by threading
some coaxial cable up through the nar-
row end of the pipe assembly. The ca-
ble should extend at least 20 feet. Pull
it through so that about an inch sticks
out of the top of the housing. Secure
the cable in place by wrapping the nar-
row end of the housing with heavy
tape. A tight seal is important.

The next step is to Þll the bottom half
of the housing with a polyurethane pot-
ting compound. I used Conap EN-4 poly-
urethane (Conap, 1405 BuÝalo Street,
Olean, NY 14760; telephone: 716-372-
9650). Follow the package instructions
in preparing the compound. Pour
enough to Þll the mouth end of the
pipe converter halfway, but be sure to
leave enough room for the ceramic and
Corkprene. After the polyurethane sets
(about 24 hours), trim the coaxial cable
as closely as possible to the polyure-
thane. Cut the cable so that the center
conductor and shield are visible (be sure
they do not touch each other). 

Insert three or four pieces of short,
stiÝ wire into the dried polyurethane.
Cut pieces from sewing needles will
work. These pieces hold up the ceram-
ic disk and allow polyurethane to ßow
under it. Place them so that the ceram-
ic will sit level to the front of the hous-
ing, about 1 Ú 8 inch below the lip. Solder
one of the leads to the center conduc-
tor of the coaxial cable and the other to
the cableÕs metal shield. Place the ce-
ramic on the stiÝ wire pieces and pour
in polyurethane all the way up to the
brim of the pipe converter. (The poly-
urethane will not aÝect the function of
the ceramic.) For best results, pour
slowly and try to prevent any air bub-
bles from forming, especially on the
front face of the transducer. Allow it to
set for 48 hours.

To make full use of the transducer, it
is necessary to calibrate it. First, deter-
mine the frequency at which the trans-
ducer vibrates most readily. This value,
called the resonance frequency, can eas-
ily be calculated from the dimensions
of the ceramic. For a thin disk in the ar-
rangement described, the resonance fre-
quency in kilohertz is equal to 80 divid-
ed by the thickness of the ceramic in
inches. For a half-inch piece of ceramic,
resonance should occur at 160 kilo-
hertz. A more accurate determination
demands the self-reciprocity calibration
technique. This method, presented for-
mally in Principles of Underwater Sound,

by Robert J. Urick, requires three pieces
of electronic equipment. The Þrst in-
strument is a signal generator, which
must be capable of running in a pulsed

mode at frequencies between 100 and
200 kilohertz; I used a Hewlett-Packard
3314A function generator. The second
piece of equipment is a signal ampliÞer,
which must be able to handle high fre-
quencies without distortion. Finally, you

will need a two-channel analogue oscil-
loscope. Although certainly not house-
hold items, such devices can usually be
found in the physics or engineering lab-
oratories of most colleges and universi-
ties. You might be able to arrange to
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Calculating the Impedance

The impedance (Z ) is the alternating current analogue of resistance in di-
rect-current circuits. It is found by taking the ratio of transmit voltage (V ) to
transmit current (I )—that is, Z = V/I. It is best to use absolute magnitudes,
so that you can work with real numbers.

The next step is to calculate the theoretical “spherical reciprocity parame-
ter” (Js ), or Js = 2r/ρf. In this equation, r is the transducer’s depth below the
surface, the Greek letter rho (ρ) is the density of the water (about 1,000 kilo-
grams per cubic meter for fresh water), and f is the driving frequency. Be-
cause the transmit response is determined relative to one meter, it is neces-
sary to set r equal to 1.

Now Js is equal to the receive sensitivity, Ms (in volts per pascal, a unit 
of pressure), divided by the transmit sensitivity, Ss (in pascals per ampere 
at one meter)—that is, Js = Ms /Ss. To determine Ms, use the relation Ms =
√(2r |Er| Js/I ). In this equation, Er is the actual voltage across the transduc-
er. You will need to correct for the 10-ohm resistor: |Er| = |Vr| [Z/(10 + Z )].
Vr is the return voltage, which appears as the second pulse envelope on the
oscilloscope.

Once you find Ms , you can solve for Ss using the reciprocity parameter
(Js). Finally, convert the units from pascals to micropascals and from am-
peres to volts (use the transducer impedance values). Then you can deter-
mine the sensitivity of the transducer in decibels:

Ms (dB) = 20 log (Ms ),
Ss (dB) = 20 log (Ss ).

The value for Ms is relative to one volt per micropascal, and the value for
Ss is relative to one micropascal per volt at one meter.

UNDERWATER TRANSDUCER is a piezoelectric ceramic housed in pipe fittings.
Leads connected to the opposite faces of the ceramic are soldered to the coaxial ca-
ble. Polyurethane is poured into the housing in two stages for waterproofing.
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use the equipment at a local institution.
A calm water surface is also crucial.

An indoor swimming pool, or even an
outdoor pool on a calm day, suÛces
nicely. A bathtub or a 55-gallon drum is
probably too small to yield accurate re-
sults. The transducer must be held in a
mount that can be rotated. At the labo-
ratory, we use a sophisticated comput-
er-controlled system, but an expend-
able camera tripod and a clamp should
do the job.

Calibrating the transducer requires
measuring the voltages across the faces
of the device and the current transmit-
ted through it. Run the input signal
from the signal generator to the ampli-
Þer. Connect the transducer to the am-
pliÞer in series with a 600-ohm resistor
preceding it and a 10-ohm resistor di-
rectly after it [see illustration on page

90 ]. The voltages transmitted and re-
ceived can then be measured directly
across the transducer and displayed si-
multaneously on the oscilloscope. The
voltage drop across the 10-ohm resis-
tor gives the transmit Òcurrent.ÕÕ To de-
termine the actual current, display the
signal on the other channel of the oscil-
loscope and divide the measured volt-
age by 10 ohms.

After setting up the circuit, place the
transducer in the water so that it points
up at about eight to 12 inches below the
surface. Set the signal generator and
ampliÞer to provide pulsed sine waves.
The transmit voltage should be around
20 volts peak to peak (that is, 10 volts
above and below zero). On the signal
generator, set the frequency at 160 kilo-
hertz (or whatever number you deter-
mined to be the working frequency of
your transducer) and the number of
pulses at 35. The oscilloscope should
show a distinct transmit signal of 10
volts strong and 35 cycles long, fol-
lowed by a weaker ÒechoÓ of the same

duration as the transmit signal. This
echo is the Þrst reßection from the
sound scattered by the water-air inter-
face. In fact, there should be a train of
echoes corresponding to second and
third and even fourth reßections. These
reßections are strongest when the trans-
ducer points straight up. To take mea-
surements, apply as much gain as you
can to the device without distorting the
transmit voltage on the oscilloscope.
Then record the levels of the transmit-
ted voltage, the received voltage (the
level of the Þrst reßected pulse) and
the transmitted current.

These measurements will enable you
to determine the transmit signal and
receive sensitivities of the transducer.
These characteristics depend on the
transducerÕs impedance. The method
for calculating the impedance appears
in the box on the preceding page. You
must carry out the procedure for a
range of frequencies centered on the
theoretical working frequency. The re-
sults will allow you to pinpoint the ex-
act frequencies at which your transduc-
er is most sensitive.

To determine your transducerÕs direc-
tivity, or beam pattern, set the frequen-
cy back to where it is most sensitive.
Mine was 156 kilohertz. After making
sure the transducer is pointing straight
up, take a measurement. Rotate the
transducer in one direction by one or
two degrees before conducting another
measurement. Continue this procedure
until the Þrst echo no longer appears on
the oscilloscope. Reset the transducer
so it is aimed straight up again and re-
peat the entire procedure, but rotate
the transducer in the other direction.

Once you have your data, you must
ÒnormalizeÓ your results. That is, di-
vide all your measurements by the re-
sult obtained at zero degrees, or look-
ing straight up. Take the logarithm of

these normalized quantities and multi-
ply by 20; this procedure converts the
readings into decibels. Plot these val-
ues on the y axis against the angles for
which the readings were taken on the x
axis. (Note that the decibel values are
negative, so that zero should be at the
top.) You should get some kind of bell-
shaped curve, with the maximum oc-
curring at the zero-degree mark. Look
for the points on the curve that are six
decibels below zero. The expanse of
the curve at this point indicates the
eÝective beam width.

After you determine the operating
characteristics of your transducer, you
can use it for many purposes. You can
determine the position of a large object
by looking for its echoes. Multiply the
time between transmit and receive
pulses by the speed of sound in water
(about 1,500 meters per second) to cal-
culate its distance. If the target is mov-
ing, you will need to repeat the proce-
dure several times to track its distance
from the transducer.

Because most amateurs will probably
not need to locate submarines and tor-
pedoes, it is perhaps more practical to
observe how diÝerent surfaces scatter
sound waves. To start, I would suggest
scattering signals oÝ the bottom of a
swimming pool. Many aboveground
pools have a sandy bottom covered by
a pool liner, which is acoustically trans-
parent. Another good surface would be
an in-ground pool, which often has a
rough concrete bottom.

Take at least 100 separate measure-
ments at a time, scanning the surface
with the transducer positioned at a
known distance and angle from the
bottom. You must then manipulate the
data statistically [see box above]. Each
kind of surface will produce a charac-
teristic curve. UrickÕs book oÝers sever-
al examples. With this information and
your transducer, you should be able to
deduce the kind of bottom below bod-
ies of water down to at least 30 meters
deep.

For more information on scattering
curves, write to: The Amateur Scientist,

Underwater Transducer, ScientiÞc Amer-

ican, 415 Madison Avenue, New York,
NY 10017-1111.
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FURTHER READING

FUNDAMENTALS OF ACOUSTICS. L. E.
Kinsler, A. R. Frey, A. B. Coppens and J.
V. Sanders. John Wiley & Sons, 1982.

PRINCIPLES OF UNDERWATER SOUND. R. J.
Urick. McGraw-Hill Publishing, 1983.

UNDERWATER ACOUSTIC SYSTEM ANALY-
SIS. W. S. Burdic. Prentice Hall, 1984.

Determining the Scattering Strength

The scattering strength, S, is given by S = 10 log (s ), where s is the scat-
tering coefficient determined by

E [|Er |2] is the expected, or mean, value of each received echo voltage
squared, r is the distance from the surface, and A is the area covered by the
transducer sound. The area is given by

where θ is the angle of incidence and β the width of the beam. 

|V |2 Ms
2 Ss

2 A.
s =

E [|Er|2 ]r4

A =
√1 – tan2 θ tan2 β ⁄ 2

πr2 sec θ sin2 β ⁄ 2

(cos2 θ – sin2 β ⁄ 2)
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BOOK REVIEWS by Philip Morrison

The Smallest Biochemists

POWER UNSEEN: HOW MICROBES RULE

THE WORLD, by Bernard Dixon. W. H.
Freeman and Company, 1994 ($22.95).

A
t least you learn how microbes as-
tonish the world. Item: On plate 
IV appears the bacterium Halo-

arcula, square as a picture frame, four
microns on each edge, shown in a sharp
electron micrograph image 10 centime-
ters square. There is a little fuzz and
some bending, but the cell is square all
right, a lively surprise. Tony Walsby
found it around 1980 with its kin by the
tens of millions in any cubic centimeter
of solar-heated brine on a seaside salt
ßat in the Sinai Desert. The name it
bears means Òsalt box.Ó The ßimsy,
clear, thin squares ßoat and swim to
and fro very well, using twin reversible
ßagellae. In 1986 Koki Horikoshi and
his team discovered a triangular coun-
terpart in a Japanese salt farm.

Bernard Dixon is an English microbi-
ologist turned celebrated science jour-
nalist. With his ßair for news and a con-
tagious pleasure in the ancient lineage
of the single-celled, he has assembled
this delightful book of short stories
about them and naturally also about
those who study, harbor, employ and
fear them. He has compiled 75 such
three-page tales as that of the squares
and triangles, easy to consume as salt-
ed peanuts and even more nourishing.
This is science in practice, biodiversity
itself packaged along with a critical look
at the nature of evidence, all written
very small, very simple, prose as edify-
ing as it is entertaining.

Item (one of the older ones): Chaim
Weizmann arrived in Manchester in
1904 with Òmore or less the proverbial
half-a-crown in his pocket.Ó A young
Jew denied advancement in his home-
land of Belarus, he hoped to make his
way in liberal Britain on the strength of
his Þne chemical training in Zurich. Su-
perb lecturer, beloved of the students,
he had become a Òvery remarkableÓ pro-
fessor of chemistry when World War I
began. When the Guardian editor inter-
viewed the busy minister of munitions,
David Lloyd George, he was surprised
to Þnd him preoccupied, not by policy
or even labor but by a shortage of the
solvent acetone, needed to make pro-
pellant for the 12-inch guns of the new
Dreadnoughts. Acetone was made then

by the antique and expensive process
of distillation of hardwood. OÝered the
volunteer services of ManchesterÕs most
brilliant chemist, the politician was at
once charmed by Weizmann, who came
back within weeks with an utterly orig-
inal technical Þx. He had isolated from
the microßora of maize a small bacteri-
um, Clostridium acetobutylicum, able in
huge vats to ferment acetone and butyl
alcohol (also worthwhile) from cheap
cereal starch.

That was the Þrst sizable extension
of the traditional fermentation indus-
tries and marked the beginning of mod-
ern biotechnology. Weizmann sought
only one reward: British help in repatri-
ating the Jewish people back to Zion. As
prime minister, Lloyd George set that
process in motion for good and bad in
1917. Chemist Weizmann would be-
come the Þrst president of beset Israel
in 1948. C. acetobutylicum synthesis,
however, is now as obsolete as dread-
noughts; these days acetone is made
very cheaply from petrochemical feed-
stock using mineral catalysts.

Item: The colon bacterium, the slime
molds, the yeasts, the bread mold fun-

gus are all microbes essential to mod-
ern microbiological research, as well as
a long list of microorganisms useful in
synthesis and diagnosis. But few viruses
are friends to science; they are foes, at
most eventual agents of their own med-
ical defeat. There are new exceptions.
One herpesvirus (and some strains of
rabies and pseudorabies, too) has be-
come a subtle and important tool for
neurobiology. A key task is to plot the
labyrinthine circuits of the neural net-
works. Two neuroanatomists published
the way in 1990. 

For years, the connections have been
traced by adding enzymes that living
Þbers can take up; chemical activity
then serves as the marker. Fluorescent
dyes have sometimes worked well, and
even neurotoxins like that of tetanus.
But such labels hardly travel across the
gaps at the neuron-to-neuron contacts.
The tracers diÝuse out into the gaps,
and labeling weakens along the chain.
The trick is simple and striking: live
neuroviruses multiply in living nerve
cells, so they will amplify as they go in-
stead of weakening. Detection is not
hard if one uses speciÞc antibodies; the

MICROBIOLOGICAL PESTICIDE: a microscopic fungus penetrates the threadlike hy-
phae of another microbe, which causes disease in lettuce.
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scheme works both in glassware and in
live lab animals. Perhaps we will one day
praise neuroviruses for their exquisite
mapping of the circuits of thought. Dr.
Dixon arrays 70 more little microbial
narratives for a readerÕs dipping plea-
sure. Try them soon.

Not by Bread Alone

WINE SCIENCE: PRINCIPLES AND APPLI-
CATIONS, by Ron S. Jackson. Academic
Press, 1994 ($99.95).

N
o fruit crop is as large as the 60
million tons of grapes grown
worldwide, outweighing all the

yearÕs oranges or bananas. Two thirds
of that crop is made into wine. France
and Italy each grow about a quarter of
the globeÕs wine grapes (and produce
somewhat more of its wines), exchang-
ing places in a minuet they dance to
weather and economies. A phenomenon
of the North Temperate Zone, though
grown nowadays on both sides of the
equator, vineyards share the climate of
the natural habitat of the predominant
wine grape species, Vitis vinifera. One
familiar plant of the same genus is
Boston Ivy; many wild grapes of other
Vitis species grow in northern temper-
ate lands. Wine is certainly nothing
new; the oldest residues we know were
found (by infrared absorption spectros-
copy) near Anatolia and the southern
Caucasus and date to about 4000 B.C.

Wine is by now so well integrated an
indulgenceÑa Òseraphic beverage,Ó the
author calls itÑthat it improves public
health ( in spite of the red-wine head-
aches caused by a certain identiÞed en-
zyme). Health beneÞts derive in part be-
cause wine displaces less angelic con-
centrations of alcohol, in part because
it confers speciÞc cardiac beneÞts, so
recently established that they do not en-
ter this comprehensive, engaging and
otherwise up-to-date treatise. Not for
the coÝee table, this volume has plenty
of clear technical text, with many dia-
grams, graphs and maps. General read-
ers will indeed have no easy time over
the 50 pages of organic chemicals found
in wines or with the precise botany of
the ßowers of the vine, but the book
touches on and clariÞes so many disci-
plines that it can draw in all the scien-
tiÞc and engineering readers who know
the fragrant and glowing glass.

Table wine is no matter of grapes
alone but rests on the properties and
interactions of half a dozen distinct or-
ganisms: the vine itself, a speciÞc yeast
(the chief fermenting industries each
domesticate strains of a single yeast
species, selected for wine maker, brew-

er, distiller or baker), one bacterial spe-
cies, oak trees (especially the white oak
and the cork oak) and the all-too-hu-
man consumers. It is a happy accident
of history that the very beginnings of
Western agriculture took place just
where the vine grows near or even on
the oaks, at the southern edge of the
once glaciated part of Europe and west-
ern Asia. For the particular yeast spe-
cies now indispensable in wine making
seems not to be among the many
yeasts adapted to grow naturally on
grape skin but rather is one found wild
on the bark and sap of oak trees.

A new vineyard harbors few or none
of the cells of wine makerÕs yeast; how-
ever, once wine is made there, the strain
is always present. The bacterium friend
of the wineÑmany other bacteria are
hostileÑis the one able to ferment ma-
lic and tartaric acids into ethyl alcohol.
The white oak provides the wood best
suited for the cooperÕs work, the wood-
en tankage and casks wherein wine is
traditionally made and stored. These
wooden vessels are now giving way to
the stainless steel of chemical engineer-
ing. But the very ßavors and body of
red wine owe much to the chemistry of
white oak wood, the tannins and lignin
degradation products that the wine
slowly extracts from the oaken staves.
The unique resinous ßavors of Greek
wine come from added exudates of the
Aleppo pine. Of course, it is the thick
bark of the cork oak of Portugal that
has provided the stopper of choice ever
since glass bottles Þrst became cheap.

Several hundred compounds, many
volatile, can be identiÞed in wine by gas
chromatography and mass spectrosco-
py, down to the parts per trillion level.
Those that have ÒimpactÓ include the
macroconstituents: water, alcohol, the
grape sugars fructose and glucose, the
two well-known organic acids, and ethyl
alcohol. Fermentation brings as well a
string of longer straight-chain alcohols
at the parts per 1,000 level; their aro-
mas and those of the esters they form
with the organic acids do much for
wineÕs appeal. But the long catalogue
of trace constituents gives little under-
standing of desirable fragrance and ßa-
vor, although it has ordered the pathol-
ogies of wine. One or a few intricate
compoundsÑfor instance, the molecule
N-(N-hydroxy-N-methyl-gamma-ami-
nobutyryl) glycinÑmay account for the
ÒfoxinessÓ of New World grapes (they
are quite another species, V. lambrus-

ca), but the tasting panels always Þnd
complex multiple factors in the sub-
tleties of good wine.

The literature here so well surveyed
and the technology it records are rich.
There are 15,000 named cultivars of

the vine; some 300 clones can be dis-
tinguished within one famous variety,
Pinot noir. Clonal selection is the breed-
ersÕ art of our day, based on vegetative
techniques that use cuttings and even
buds rather than ßower hybridization.
The results have raised yields and pre-
vented infection. So far tissue culture
has been disappointing; plantlet yield
from single cells remains far too low.

You can read of much inorganic en-
gineering, too, of the remarkable elastic
response of compressed cork, of well-
measured microclimates and new ways
to array the grape leaf canopy to take
full advantage of ßatland sunshine.
Here, too, you will Þnd how hand-select-
ed grapes derive their honeyed ßavor
from high sugar content and from a fu-
ranone and an ester with very long
structural names, the fruit all ÒnoblyÓ
rotting under fermentation by exactly
the right fungus. (Vive the vulnerable
variety S�millon.) You can admireÑor
notÑthe ingenuity of the new Òbag in a
boxÓ packaging for bulk wines, as well
as the fermentation of uncrushed
grapes held in an atmosphere of carbon
dioxide that can win quick fragrance
for wines like Beaujolais nouveau.

Professor Jackson is a botanist at
Brandon University in wintry Manitoba,
nowhere near the lands of oak and vine.
His devoted engagement to wine mak-
ing began when he worked in grape
country, both in Ontario and in the Fin-
ger Lakes of New York State. (There is
evidence that his Francophone wife, Su-
zanne Ouellet, was a further benign in-
ßuence.) No mere academic, but a con-
sultant to oÛcial Manitoba, his author-
ity demonstrates that expertise can ßow
like wine from producer to consumer,
to be widely and pleasurably shared.

Robin Hood Redux

GLOBAL ECOLOGY: ENVIRONMENTAL

CHANGE AND SOCIAL FLEXIBILITY, by
Vaclav Smil. Routledge, 1994 ($59.95;
paperbound, $17.95).

U
nder a rather too general title,
this direct, appealing book
amounts to a personal state-

ment by a cogent analyst, well support-
ed, as usual for him, by a penetrating
and compact account of the facts.

Of course, we do not know enough;
each farmer in the Þeld must act lacking
enough data to optimize his work be-
fore the uncertainties of water, weather,
soil, prices. We need more knowledge
than we can have. Many eloquent voices
therefore cry ÒJeremiah.Ó Professor Smil
names half a dozen names among his
references; in 1968 one population ex-
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pert grimly foresaw Òthe battle to feed
all humanity is over. . . . nothing can
prevent a substantial increase in the
world death rate.Ó In fact, in both the
largest lands, China and India, the ex-
pectancy of life has improved since then
by 10 or 15 years. ÒThe great doomsay-
erÓ (Paul R. Ehrlich) oÝered no correc-
tion, instead publishing with a co-au-
thor yet another gloomy book, replac-
ing ÒbombÓ by ÒexplosionÓ in its title.

ÒPushing preconceived ideas dis-
guised as objective evaluationsÓ wins
bold headlines but is manifestly one of
the most frequent failings of environ-
mental science. No more substantial to
Smil are the claims of those who see
only a cornucopia ahead, a view as sua-
sive as it is naive. Science has been suc-
cessful overall, he agrees, although it is
certainly incomplete, and perhaps it is
incapable of completeness. Yet its Òqual-
iÞed utilitarian successÓ does not mean
that it can be sole guide to the future.
Even a satisfactory science is Òno sub-
stitute for morality, and to believe that
the ethics of limits and sharing has no
place in dealing with our environmental
dilemmas would be to forfeit any hopes
for real successes in solving them.Ó

His presentation opens with the real-
ities as he sees them, goes on to out-
line promising strategies for remedial
actions in the face of uncertainty and
closes with a sober account of Òcascad-
ing complicationsÓ ahead. For it is not
marginal adjustments that will work
but rather a slow, Òprofound socio-eco-
nomic transformation which will de-
mand. . .new ways. . .genuine sacriÞc-
esÓÑespecially, reader, from the pros-
perous. Who else?

What abides are the existential neces-
sities. How many will sit at the world
table? The population curves, long
dubbed exponential, are here to the
year 2000. Already we know from the
observed rates of change that the term
is in error. The author very properly
notes that the highest percentage rate
of population increase was past by the
1970s and has fallen steadily ever since.
(Even more striking is one United Na-
tions forecast that the absolute decadal
increment in human head count will
have peaked by that millennial year, to
fall thereafter, likely a benchmark for
all human history.) How will we feed the
next Þve billion persons as our family
doubles? Most of their bowls must be
Þlled from increased yield of Þeld and
paddy, little from new-sown croplands.
That is nothing unusual ; four Þfths of
the crop gains of the 20th century were
won by intensiÞcation. Doubling is do-
able, given more fertilizer, more irriga-
tion water, more skill and, behind those,
more subsidizing energy, da capo.

Minerals are not in short supply;
plant macronutrient solids (the ele-
ments nitrogen, phosphorus, potassi-
um, sulfur) are plentiful, and all special
needs are wide open to substitution and
economic recycling. The Bronze Age is
over, even the Iron Age declines, and
the Silica Age has lots of sand to mine.
For a couple of generations, nonÐfuel
resource demands will certainly grow
as the populous lands consume more,
but we expect no major problems of
supply or of impact. Soil erosion is
widespread and adds a tone of anxiety
to our expectation of higher yields, but
its quantitative toll worldwide has not
yet risen out of the noise, rather like
global warming itself.

What rich and poor alike must do is
seek all-around eÛciency, let frugality
grow, organize a market-wise payment
of more of the real price of natural re-
sources and services. Hardly anyone
grumbles about eÛciency. The excep-
tions are consumers who dine well on
meat and seafood, and big-engine fan-
ciers, all sure to be hard hit by realistic
taxes and prices, and whole countries
short on capital.

On a large scale, coal will return, to
burn in hot ßuidized beds to feed gas
turbines. At farmside scale, much more
will change. Even little gypsum blocks
buried in the Þelds, their resistance
measurable with Radio Shack technolo-
gy, can monitor and much economize
water use. The old rotation of grain
Þelds to bear legumes and green ma-
nure will return renewed and modern-
ized. But grand noveltiesÑplentiful
methane, ocean waves and surface heat,
wind, safe Þssion or hot fusionÑshould
not be planned for but taken as wel-
come bonuses. More likely arrivals are
photovoltaics at large scale, gene-engi-
neered, self-nitrifying cereal crops, and
enzymatic fermentation of cellulose
wastes into alcohol fuel. We might get
lucky!

So far the good-enough news. Now
for the bad. Who will vote for frugality?
Not the 100 million Sichuan farm folk
already chilly and half-hungry during
one entire season of the year and not
the Brazilian favelas. Will the middle
class of North America vote against the
economic growth they are promised ev-
ery day? Meanwhile terawatts (1 TW = 1
billion kilowatts as heat) mount up; the
power used for transportation alone
among our 5 percent of humankind in
the U.S. runs at a steady 1 TW, whereas
the poorest 80 percent of humanity dis-
poses of only 5 TW for every purpose
under heaven. Industrializing, populous
China is likely to supplant the U.S. as
the biggest carbon dioxide producer by
the year 2020, for good human reasons.

Two large changes lie ahead; we can-
not very well assess their scale or their
arrival time. The poor are urbanizing
fast, making their way from subsis-
tence farming to an industrial base.
They surely aim at continued economic
growth. The well-oÝ face reduction, not
growth, in their current high consump-
tion of Òenergy, water, food, feed, or
wood.Ó The richer need to begin transi-
tion to a more enduring economic sys-
tem and to a healthier life at low growth
rate, aimed at the Òdelinking of social
status from material consumption.Ó
That the quality of life can remain quite
high under lower but better standards
of consumption is eÝectively argued
here through an eye-opening study of
aÜuence as a function of energy use in
France. There is time left for a buÝer,
the use of our present surplus capaci-
tyÑmuch of it released from unneeded
military investmentÑto improve the
lot of others, including the many who
still dwell poor within wealthy lands.

History has contradictory precedents
to illumine these deep tensions. Once
sugar from the West Indies was Eu-
ropeÕs largest single import. Long ago
the industry to make sugar from do-
mestic beets began in Europe. During
the late 1980s, the sugar makers of Eu-
rope and the U.S. were paid four to Þve
times the world price, whereas a good-
size low-wage labor force grew sugar in
the tropics at double the yield with
much less input, an advantage built
into tropical sugarcane and its all-year
growth. Now world sugar is overpro-
duced at low price. Rich countries have
kept eÛcient producers poorer ever
since the Napoleonic Wars, in order to
subsidize a small number of farmers at
the expense of the environment and the
consumersÑa defense against naval
blockade that has hardened into a long-
vested interest.

Less than 10 years back, Robert Jay
Lifton wrote in fear of large-scale nu-
clear conßict : ÒWe need to be neither
optimistic nor pessimistic about the
human future; rather, we must hope.
Hope means. . .possibility and includes
desire, anticipation, and vitality. . . . It is
a necessity and. . .virtue. . . that must it-
self be nurtured, shared, mutually en-
hanced.Ó Along a course that few ex-
pected, that compelling fear has much
receded. LiftonÕs hope proved justiÞ-
able, and hope anticipates further ac-
tion. Our authorÕs view denies any Òsin-
gle-vision salvation,Ó any Òsweeping
normative solutions,Ó neither small par-
adises nor safe massive power. We
ought to live neither in conÞdence nor
in despair but instead with shared hope
and a steady sense for possibilities old
and new.
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T
he certainty of death was absent
at the origin of life. Unlike hu-
mans and other mammals, many

organisms do not age and die. The pro-
cess of programmed, inevitable death
evolved only after our symbiotic micro-
bial ancestors, some two billion years
ago, became sexual individuals.

Any organism can die because of cir-
cumstances beyond its control: the am-
bience grows too hot, a predator at-
tacks, poison gas permeates. But pro-
grammed death happens independently
of environmental action: cornstalks
topple at the end of the season, or a
healthy elephant succumbs at the end
of a century. Monthly, in menstruating
women, the dead cells of the uterine
lining ßow through the vagina. Each au-
tumn in the deciduous trees and shrubs
of the North Temperate Zone, rows of
cells at the base of the leaf stem die.

Unlike animals and plants that grow
from embryos and die on schedule, all
bacteria and most other microorgan-
isms remain eternally young. These oth-
er organisms are protoctists and fungi.
Protoctists constitute a diverse group
that includes our animal ancestors, as
well as seaweeds, ciliates, slime molds,
foraminifera, diatoms and many others.
Like the fungi (yeasts, molds and mush-
rooms), protoctists are symbiotic aggre-
gates of nucleated cells that reproduce
by cell division. Protoctist and fungal
individuals can grow and reproduce
without any sexual partners.

But in some protoctistsÑthose that
became the ancestors of the fungi,
plants and animalsÑour kind of sex,
which involves mating and cell fusion
by fertilization, Þrst appeared. I pro-
pose that it did so as an accidental con-
sequence of a desperate strategy for
survival. Sex began when unfavorable
seasonal changes in the environment
caused our protoctist predecessors to
engage in attempts at cannibalism that
were only partially successful.

The result was a monster bearing the
cells and genes of at least two individu-
als (as does the fertilized egg today).
The return of more favorable environ-
mental conditions selected for survival
those monsters able to regain their sim-
pler, normal identity. To do so, each had
to slough oÝ half or more of the ÒextraÓ
cell remains. Death and the genes that

caused death evolved. ÒDeath genesÓ
have now been isolated and their oper-
ation studied. Lawrence M. Schwartz,
here at the University of Massachusetts,
for example, can predict the demise of
cells in a laboratory culture to within a
few hours when he introduces DNA
containing death genes.

Those microbial ancestors that fused
survived, whereas those that evaded
sexual liaisons died. Cell fusion that
guaranteed survival triggered develop-
ment of simpler, normal individuals
again. Those very few individuals that
indulged each winter or dry season in
body fusion and its relief by death of
extra genes and cells survived to be-
come our sexual ancestors. Cannibalis-
tic fusion and its thwarting by pro-
grammed death became inextricably
linked to seasonal survival and to indi-
viduality. Embryo development required
sex cell fusion, cell movement, cell in-
teraction and programmed cell death.
It still does.

S
urprisingly, keÞr, a nutritious
drink popular in the Caucasus
Mountains of southern Russia and

Georgia, illustrates how symbiogene-
sisÑthe appearance of new species by
symbiosisÑworks and how, in evolu-
tion, symbiosis preceded sex. KeÞr re-
fers both to the eÝervescent dairy drink
and to the individual curds that ferment
milk to make the drink. These curds,
like our eventually sexy protoctist an-
cestors, evolved symbiogenetically.

Legend says the prophet Muhammad
gave the original keÞr curds to the Or-
thodox Christian peoples near Mount
Elbrus with strict orders never to give
them away. Nevertheless, secrets of
preparation of ÒMuhammad pelletsÓ
have been shared. KeÞr, which looks
like large-curd cottage cheese, grows by
division. It ferments milk sugars and
proteins, making the yogurtlike drink.
When the active metabolism that as-
sures individuality ceases, keÞr curds
dissolve and die without aging.

After the curds die, keÞr individuals
become an arbitrary mix of fermenting
microbes rather than the speciÞc combi-
nation of bacteria and yeast that forms
each curd. Like our protoctist ancestors
that evolved from symbioses among
bacteria, keÞr individuals arose from
the physical association of 30 different
kinds of microbes. These yeasts and
bacteria remain together in precise re-

lationships as each divides, maintain-
ing the integrity of the individual curd. 

Symbiogenesis led to complex indi-
viduals that can die (like keÞr and most
protoctists) before sexuality led to or-
ganisms that had to die (such as ele-
phants and us). A keÞr individual, like
any other, requires behavioral and meta-
bolic reaÛrmation: component micro-
bial cells that grow too fast or that do
not help to make the curd are forced
by the others to die. During the course
of brewing the beverage, people inad-
vertently bred for keÞr individuality.

KeÞr microbes are integrated into
keÞr curds just as the former symbiot-
ic bacteria became components of our
cells. The keÞr curd is a new individual
more complex than its components. Ke-
Þr can no more be made by the Òright
mixÓ of chemicals or microbes than can
elephants.

Like keÞr, we and all other organisms
made of nucleated cells, from amoebae
to whales, are not only individuals, we
are aggregates. For example, plant cells
come from ancestors with indigestion.
Ancestral translucent swimming cells
that acquired green photosynthetic cy-
anobacteria began as green monsters.
From many partly digested cyanobac-
teria in a hungry protoctist, a new indi-
vidual, the green alga cell, and ultimate-
ly the plant, evolved. 

KeÞr is a sparkling demonstration
that integration processes by which our
cells evolved still occur. KeÞr also helps
us see how the origin of complex new
individuals preceded the evolution of
programmed death of the individual.
KeÞr instructs us, by its existence, about
how the tastes and choices of one spe-
cies (ours) inßuence the evolution of
others, the 30 intertwined microbes that
became the keÞr curd. Although the ke-
Þr curd is a complex individual, a prod-
uct of interacting aggregates of bacte-
ria and fungi, it does not reproduce by
sex. Rather the keÞr curd, which has no
sex life, enlarges by direct growth, divi-
sion and death of its components. When
mistreated by adverse environments, it
disintegrates and dies. And, like any
live individual, it never returns to life
as that same individual.

LYNN MARGULIS, distinguished uni-
versity professor, is in the biology de-

partment at the University of Massa-

chusetts, Amherst.
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