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LETTERS 
Sirs: 

The article "The Ancestry of Corn," 
by George W. Beadle, in the January 
issue of Scientific American presents the 
best case that has so far been made for 
the theory that the ancestor of cultivat
ed corn is its closest relative, teosinte. 
Because of recent developments, men
tioned only in the bibliography, the arti
cle is already out of date. 

The discovery by Hugh H. Iltis and 
his colleagues of a wild perennial teosin
te that has the same chromosome num
ber as corn and is cross-fertile with it has 
changed the dimensions of the problem 
rather drastically, and virtually all stu
dents of corn's ancestry have been com
pelled to morlify their views. Of the sev
eral new hypotheses that have resulted 
from Iltis' discovery, I regard as the 
most plausible that of Garrison Wilkes, 
author of the book Teosinte. the Closest 
Relative 0/ Corn. Wilkes postulates that 
the natural hybridization of the wild pe
rennial teosinte with a corn in the early 
stages of domestication could have pro
duced the annual teosinte that Beadle, 
Walton C. Galinat and others regard as 
corn's ancestor. According to this hy
pothesis, annual teosinte is a late stage in 
corn's evolution and is corn's progeny 
rather than its progenitor. 

Bold as it may seem, and certain to be 
controversial, the Wilkes hypothesis is 
consistent with at least three series of 
significant facts: 

1. There is no firm evidence of an ear
ly teosinte. At all archaeological sites 
where teosinte or evidence of teosinte 
influence is found, the teosinte appears 
only after corn is well established. An 
apparent exception to this finding is the 
two teosinte fruits Beadle mentions that 
are dated by associated remains as being 
about 7,000 years old. These specimens 
are virtually identical with fruits of a 
modern race of teosinte, Chalco, which 
is a common weed in the cornfields 
of the area of the archaeological site. 
Moreover, the site itself, although it is 
said to be undisturbed, does have rodent 
burrows in which modern teosinte fruits 
could readily have been introduced. Un
til the two fruits in question have been 
dated by carbon-14 or other techniques, 
they must be regarded as suspect. 

2. There is apparently no evidence of 
any kind, archaeological, ethnological, 
historical, pictorial or folkloric, that te
osinte was ever grown as a crop by the 
American Indians. On the contrary, teo
sinte is now and was prehistorically a 
weed in the cornfields. 

3. Teosinte has never been used exten
sively as a food. Even when it is em
ployed as a "hardship" food, it is used 
only as a supplement to corn. 
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The Wilkes hypothesis is not only 
plausible but also testable. I for one am 
testing it on an extensive scale. I have 
crossed the diploid perennial teosinte 
with a primitive Mexican popcorn race 
and now have plantings of the first-gen
eration hybrids at two localities in 
southern Florida and two additional 
ones in Argentina. In both of the Flori
da plantings many of the Fl plants re
semble the teosinte parent in three of 
the principal botanical characteristics in 
which corn and teosinte differ: (1) two 
ranked "ears" v. many ranked ears, (2) 
solitary spikelets v. paired spikelets and 
(3) fragile rachises v. solid rachises. In 
their growth habit the plants are some
what intermediate between annual and 
perennial but perhaps closer to the an
nual. As a plant breeder with some years 
of experience I am reasonably confident 
that plants having all the characteristics 
of an annual teosinte will occur in the 
second, or segregating, generation of 
this cross. If they do, the 19th-century 
theory that has been so effectively re
vived by Beadle, that annual teosinte is 
the ancestor of cultivated corn, may no 
longer be tenable. 

PAUL C. MANGELSDORF 

Harvard University 
Cambridge, Mass. 

University of North Carolina 
at Chapel Hill 

Chapel Hill 

Sirs: 
I appreciate the opportunity to re

spond to Professor Mangelsdorf's letter 
stating that my article on the ancestry of 
corn is outdated by the recent finding of 
diploid perennial teosinte populations 
that are fully fertile with both corn and 
annual teosintes. He is of course well 
aware that a tetraploid perennial teosin
te was collected and described 69 years 
ago. It can be presumed to have had a 
diploid perennial ancestor. Finding it in 
Zea diploperennis is indeed significant 
and rewarding, but I see no way in which 
it contradicts the evidence presented in 
my article. 

Mangelsdorf's postulated wild corn is 
purely hypothetical. Of all the many 
corn races and the thousands of exam
ined segregant types of teosinte-corn 
hybrids, none other than those closely 
approximating the classical teosinte fe
male spike is found capable of being 
able to survive continuously in the wild. 
All others lack an effective "seed" -dis
persal capability. 

There is a dominant gene in corn 
called Tunicate, well known to Man
gelsdorf, that is readily transferable to 
teosintes. The result is a reduction 
and softening of fruit cases and outer 

glumes, thus allowing naked kernels to 
be threshed free of cases and glumes. I 
am now well along in genetically trans
ferring this gene to Z. diploperennis teo
sinte, in the belief that particularly de
sirable phenotypes, which could then 
have been propagated asexually by 
man, might well have initiated the tran
sition of teosinte to corn. 

GEORGE W. BEADLE 

University of Chicago 
Chicago 

Sirs: 
Jerome A. Feldman, in his article 

"Programming Languages" [SCIENTIFIC 
AMERICAN, December, 1979], attrib
utes to Isaac Newton an algorithm for 
finding the square root of an arbitrary 
number. Howard Eves and Carroll V. 
Newsom relate that the algorithm was 
included in Hero's Metrica (An Introduc
tion to the Foundations and Fundamental 
Concepts 0/ Mathematics. by Howard 
Eves and Carroll V. Newson, Holt, 
Rinehart & Winston, Inc., 1965). Metrica 
was found in Constantinople in 1896 by 
R. Schone. Hero lived in Alexandria 
during the first century A.D. 

A.D.BROCKMAN 

San Francisco 

Editorial correspondence should be addressed to The 
Editors, SCIENTIFIC AMERICAN, 415 Madison Avenue, 
New York, N.Y. 10017. Manuscripts are submitted at 
the author's risk and will not be returned unless accom
panied by postage. 

Advertising correspondence should be addressed to C. 
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Whats right for today? 
.:A big car? Small car? Fast car? Safe car? 

Station wagon? Sedan? Economy car? 
L wmrycar? 

How about eve rything? 
While common sense would seem to dictate 

the distinct improbability of such a phenomenal 
automotive accomplishment, there is a scatter
ing of people around you who have in their 
possession powerful evidence to the contrary. 

The evidence is the car they drive. 
A Saab. 

It's small but it's big. 
The exterior of the Saab 900 is built on the 

scale of the Audi 4000 and 5000, the Volvo DL 
and GLE, the BMW 320i and 528i and the 
Mercedes 280E. 

Inside, however, the Saab is bigger than all 
of them. 

By EPA measurements, in fact, the Saab is 
a mid-sized car. 

While the others are all compacts. 

It stops. And it certainly goes. 
From 60 to 0, in separate road tests con-

ducted by Road & Track during '78 and '79, the 
Saab 900 Turbo stopped quicker than, among 
other cars, two Audis, two Jaguars, five BMWs, 
a Ferrari, a Maserati, a Mercedes and a Volvo. 

And going was no less spectacular than 
stopping. 

Through the standard R & T slalom course, 
the Saab 900 Turbo-a four-cylinder, front

drive car, mind you -was timed faster 
than three Mercedes, four BMWs, two 
Ferraris, two Jaguars and a couple of 

including the 928. 

It's a sedan that also isn' t .  
The trunk i n  the Saab 900 i s  a s  big a s  those 

in the largest sedans being made. 
Yet for those few times every year when 

you wish your sedan was a station wagon, the 
Saab accommodates you. 

Fold the rear seat forward, lift the rear 
hatchback and the Saab presents a station 
wagon-like cargo space over six feet long and 
53 cubic feet big. 

Economy with the l uxury of room. 
The Saab 900 is not a tiny compact or sub

compact that gets good gas mileage. 
It's a comfortable mid-sized car that does. 
The Saab 900 EMS, for example, gets 

@ EPA estimated mpg and 30 estimated 
highway mpg. 

(Remember, use estimated mpg for com
parison only. Mileage varies with speed, trip 
length and weather. Actual highway mileage will 
probably be less. ) 
Is this the prestige car of the future? 

Probably. 
What could be more prestigious than buy

, 
ing a new car and, despite the times, getting 
everything you want? 

SAAB 
The most intelligent ear 

ewer built . . 
. 
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50 AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

APRIL, 1930: "The $1,000 prize of 
the American Association for the Ad
vancement of Science has been award
ed this year to A. J. Dempster for his 
'noteworthy contribution to science' in 
proving that the proton has wave char
acteristics. In the words of Arthur H. 
Compton, winner of the Nobel prize in 
physics, 'the most important contribu
tion of 20th-century physics is that the 
physical world can be reduced to three 
kinds of particles-protons, electrons 
and photons-and that each of these 
particles has also the characteristics of 
waves. The last stage is the proof that 
protons, the positively charged parts of 
matter, have wave characteristics. It is 
this completion of the great work of 
20th-century physics that has been ac
complished by Dr. Dempster.' In that 
Dr. D

·
empster's discovery demonstrates 

the dual nature-particle and wave-of 
the proton it is one vindication of the 
prediction of the French physicist Louis 
de Broglie. Following de Broglie's pre
diction C. J. Davisson and L. H. Ger
mer of the Bell Telephone Laboratories 
proved the wave nature of the electron; 
Dempster's research does the same 
thing for the proton." 

"For many centuries miners have 
been digging tortuous tunnels deep into 
the earth in search for coal. The devel
opment of open-pit mining on a large 
scale is a relatively new phase, but al
ready it has become of great importance 
in the coal-mining industry. Of the nu
merous coal 'stripping' operations, per
haps the most interesting are those con
ducted on the Northern Pacific Railway 
Company properties at Colstrip, Mont. 
At this mine new operating equipment 
of the most advanced type has recently 
been installed. A new electrically driven 
machine operated by one man bites a 
hole in the ground large enough to serve 
as the cellar for a house and deposits the 
15 tons of excavated material a full city 
block away, perhaps at a height equiva
lent to that Of a 10-story building. With
in one minute the operation is complet
ed and the shovel is back for another 
15-ton bite. Two or three men operat
ing the new shovel can dig and load 
more coal in a shift than dozens of 
workers can in the average deep mine. 
Each worker in the pit averages 50 tons 
of coal per day, or 10 times the normal 
unit production of coal mines. Not more 
than 75 men will be needed at the Col-
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strip mine to produce 11,000,000 tons 
of coal recently contracted for by the 
Northern Pacific." 

"There is no formula for determining 
which is the foremost physical laborato
ry, but the Ryerson Physical Laborato
ry of the University of Chicago has giv
en the world so many famous physicists 
that the majority of those who are quali
fied to judge would perhaps so nominate 
it. How is such a choice as this arrived 
at? What makes a scientific institution a 
leader? That which is most likely to en
sure advance is the strong inspiration 
and leadership of an outstanding per
sonality, and it is therefore not a far cry 
to attribute Ryerson's supremacy to the 
leadership of the great physicist A. A. 
Michelson, who has been its head from 
1892 until recently. Michelson, R. A. 
Millikan and Arthur H. Compton
what a trio this center of physical re
search can boast! H. G. Gale, whose 
name is linked with Michelson's in con
nection with ether-drift experiments; 
Samuel W. Stratton, president of the 
Massachusetts Institute of Technology; 
W. F. G. Swann, director of the Bartol 
Research Foundation; Frank B. Jewett, 
president of the Bell Telephone Labora
tories; C. J. Davisson of the same lab
oratories, who proved the wave-atom 
theory-these and some 130 other physi
cists are all descendants of the Ryerson 
tradition. In a recent address Millikan, 
who is now at the California Institute of 
Technology, spoke of Michelson'S eco
nomic value. He proved that Michelson 
was a greater asset than any billion-dol
lar corporation. This much can one man 
accomplish for the world by the right 
kind of leadership." 

APRIL, 1880: "Last year Europe ex
pended for military and naval purpos
es something near $800,000,000, even 
though there was no fighting. This prof
itless squandering of money is not the 
whole of the blood tax on Europe in 
times of peace. That which comes from 
withdrawing able-bodied men from pro
ductive labor is an item of scarcely less 
magnitude, for the standing armies of 
Europe foot up something over eight 
millions. The problem of industrial su
premacy is therefore not hard to solve. 
The single advantage America enjoys in 
being free from the terrible war burdens 
of Europe even in times of peace cannot 
fail to maintain us in our position as the 
most prosperous people in the world. 
The annual talc of labor prevented, la
bor misapplied and labor driven away 
by the enormous armies and armaments 
of Europe finds no counterpart here. All 
our labor is productive, all tends to swell 
our national wealth and to increase our 
power to do and to enjoy. And the ad-

vantage of all of this must and does aC
crue mainly to the American producer, 
showing itself in lighter taxes, higher 
wages, a greater diffusion of wealth and 
a more generous style of living, all of 
which are everywhere recognizable by 
European tourists here as characteristic 
of the lives of American workers." 

"Two successive years of severe visi
tation of yellow fever at New Orleans 
and Memphis each time drew general 
attention to the necessity of some action 
in the way of prevention, but with the 
disappearance of this dreadful disease it 
appears to have passed almost com
pletely out of the public mind. Doctors 
are by no means agreed as to the best 
method for its treatment, or as to its 
original cause, and our knowledge of 
just how it is propagated, other than by 
contact with the developed disease or 
its germs, is very limited. The fact that 
stands out most prominently in connec
tion with the subject is that the island of 
Cuba, and particularly the city of Ha
vana, seem to be its chosen home, and 
in the latter the disease has been present 
in every month of the year for every 
year since 1850. It is quite plain that 
any protection we have from the con
stant visits of the disease must come 
from a more stringent regulation of our 
commercial intercourse with Cuba." 

"Much has been written and said 
about Mr. Edison's new lamps, but there 
has been wonderfully little produced in 
the way of precise and reliable state
ment concerning the simple facts. As
suming that a Siemens or Brush ma
chine is employed to generate the elec
tric current, such a current would be 
obtained with a loss of about 40 per cent 
of the mechanical energy applied to the 
driving pulley of the machine. To oper
ate 12 lamps, therefore, we should have 
to apply one horse power to the pulley. 
To produce one horse power in a steam 
engine about five pounds of coal must 
be burned. These five pounds of coal 
will yield 25 cubic feet of gas, which if 
burned in five gas burners will give 100 
to 110 candles. The 12 Edison lamps 
will give 120 candles. This would show 
something in favor of the economy of 
the electric light, but when in fact every
thing in this regard is against the electric 
light, which demands more machinery, 
requires more skillful management and 
presents an utter lack of the storage ca
pacity that secures efficiency and conve
nience for gas, we see that this trifling 
economy disappears." 

"A locomotive on the Pennsylvania 
Railroad made the fastest run on record 
a few weeks ago. It was ordered from 
the round-house to the scene of an acci
dent and ran 60 miles in 45 minutes 
eight seconds. This is at the rate of a 
trifle under 80 miles per hOllr and is a 
very remarkable performance." 
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Making computers serve 

eed knows how. 
Watching wheat from 560 miles up. 

The world's vital breadbasket is the wheat field-it yields 
our most abundant and widely traded small grain. So wheat 
is worth keeping an eye on. And doing just that are a space 
satellite, an elaborate computer, and a crack, NA SA
directed team of 300 Lockheed scientists and technicians. 

From a satellite orbiting 560 miles high, the Lockheed 
analysts receive continual visible/infrared images of 5-
by-6-mile segments of the world's eight major wheat-grow
ing areas. Main concentration is on the United States, 
Canada, and the U.S.S.R. In a painstaking, high-precision 
process, they piece together the images and use weather, 
crop conditions, and farming practices to identify wheat. 
Then they feed the data into the computer, already pro
grammed with yield models, to analyze wheat acreage. 

The resulting forecasts-in bushels per country-are of 
critical value to American agriculture and, in particular, 
to export planning. This technology may soon cover all 
major 'world crops, but the first interest is wheat ... because 
wheat fields supply a whopping one-fifth of the total 
calories consumed by mankind. 

Handling the information explosion. 
An answer to researchers' prayers is the Lockheed online 

reference retrieval system called Dialog. 
Used by both specialized and public libraries, the com

puterized Dialog short-cuts the tedium of digging through 
printed indexes and tracking down cross-referenced 
sources. 

Given a subject category or key words, Dialog can 
rapidly search any of its 100 massive databases that are 

pertinent. In minutes, it can return to the library's computer 
terminal a list culled from more than 30 million interna
tional document references. 

Dialog databases range broadly from the professional 
and technical to a complete indexing of 370 popular 
American magazines and special periodicals. 

Helping a jetliner stretch its wings. 
Computers on board modern aircraft are nothing new. 

They' ve been applied in automatic navigation, flight con
trols, automatic landing, and other functions for years. 

But now Lockheed L-lOll Tri Star engineers have put 
a computer to a new, timely use-namely, allowing 
wingspan to be added without the normal costly, time
consuming structural redesign. 

What permits this 'stretching' of wings is an advanced, 
exclusive system of Active Control ailerons. Installed with the 
new wing extensions, these ailerons are precisely controlled 
by the computer to reduce added wing structure loads. 
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man In manyways. 

ange? Because ts. Longer 
wings translate into reduced drag, a smoother ride, and a 
healthy reduction in fuel consumption. 

Preventing a floating traffic jam. 
The last thing needed these days is oil spilled upon trou

bled waters. But in the Texas port complex of Houston/ 
Galveston, third busiest in the nation, it was happening. 
Controlling the growing traffic of oil-carrying tankers and 
other big ships was a confounding problem. 

So, to prevent spill-prone collisions and accidents, the 
u.s. Coast Guard sought a new way to 'oversee' that 
SO-mile-Iong lacework of interconnecting waterways and 
all the ships operating there. The answer was a Lockheed 
computerized system that enables the Coast Guard to 
stay aware of ship traffic and take quick action to block 
potential mishaps. 

At six operator stations, Coast Guard personnel can now 

view graphic representations and listings of channel traffic. 
They can spot vessel meeting/overtaking situations fast. 

system monl port camp/ex. 

And with all important vessel data on call, they can make 
ship movement through the crowded, inland canal com
plex far easier, faster, and safer. 

The computer techniques described here are only a few 
of Lockheed's current appl ications. In others, computers are 
being I.lsed to devise statistical maps, design aircraft, speed 
manufacturing and production processes, save fuel in 
flight, create and revise engineering drawings, control air 
traffic, cut energy costs in big buildings, and improve many 
other aspects of modern life. 

When it comes to solving complex problems by u,sing 
advanced technologies, Lockheed knows how. 

Lockheed 
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THE AUTHORS 
MATTHEW MESELSON and JU

LIAN PERRY ROBINSON ("Chemi
cal Warfare and Chemical Disarma
ment") share a long-standing commit
ment to the prevention of chemical and 
biological warfare. Meselson is Thomas 
Dudley Cabot Professor of the Natural 
Sciences at Harvard University. A grad
uate of the University of Chicago, he 
obtained his Ph.D. in physical chemistry 
from the California Institute of Tech
nology in 1957. In addition to his main 
scientific work in molecular genetics 
Meselson has devoted much of his time 
and energy over the years to the analysis 
of issues related to biological and chem
ical weapons. He is generally credited, 
for example, with having played a key 
role in the political process that led to 
the signing of the Biological Weapons 
Convention of 1972. Robinson, who is 
senior fellow with the Science Policy 
Research Unit of the University of Sus
sex, is a specialist on military technolo
gy and arms control. He was born in Je
rusalem and was educated at the Uni
versity of Oxford, where he received 
his B.A and M.A degrees in chemistry. 
Before joining the faculty at Sussex in 
1971 he was head of the project on the 
limitation of biological and chemical 
arms at the Stockholm International 
Peace Research Institute (SIPRI). 

FRANCIS VAN NOTEN, DANIEL 
CAHEN and LAWRENCE KEELEY 
("A Paleolithic Campsite in Belgium") 
are archaeologists associated with the 
Royal Museum of Central Africa at 
Tervuren in Belgium. Van Noten, who is 
head of the prehistory-archaeology sec
tion of the museum, also lectures on pa
leoethnography at the Catholic Univer
sity of Louvain. His degrees are from 
the University of Ghent (M.A, 1963; 
Ph.D., 1967). Since joining the muse
um's staff in 1965 he has done archaeo
logical field work in both Africa and 
Belgium. Cahen is head of field work 
at the museum. He was educated at 
the University of Brussels (M.A, 1968; 
Ph.D., 1973). Before taking his present 
job he was a research fellow at the Bel
gian National Foundation for Scientific 
Research and taught at the University of 
Zaire and the University of Gabon. Kee
ley, a research associate of the museum, 
is also a visiting member of the faculty 
of the University of Illinois at Chicago 
Circle. He did his undergraduate work 
at San Jose State University and his 
graduate work at the University of Ox
ford, obtaining his D.Phil. from Oxford 
in 1977. His specialty is the functional 
analysis of stone tools. 

RICHARD L. NAEYE ("Sudden In
fant Death") is chairman of the depart
ment of pathology at the Pennsylvania 
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State University College of Medicine. 
He received his AB. at Colgate Univer
sity in 1951 and his M.D. at the Colum
bia University College of Physicians 
and Surgeons in 1955. Before his ap
pointment to the Penn State faculty in 
1967, he was professor of pathology at 
the University of Vermont College of 
Medicine. The primary focus of N aeye's 
research has been on diseases of the fe
tus and the newborn infant. "I have a 
particular interest," he writes, "in envi
ronmental factors that influence specific 
antenatal disorders, such as the mater
nal use of tobacco, coitus, nutrition and 
so forth. I am deeply involved in large 
projects in two African countries at
tempting both to identify the disorders 
responsible for their excessive perinatal 
mortality rates and to find ways of pre
venting these disorders." 

W ALTER GILBERT and LYDIA 
VILLA-KOMAROFF ("Useful Pro
teins from Recombinant Bacteria") 
have collaborated on the development 
of techniques for the enzymatic manip
ulation of DNA molecules. Gilbert is 
American Cancer Society Professor of 
Molecular Biology at Harvard Univer
sity. A Harvard graduate, he obtained 
his D.Phil. in mathematics from the 
University of Cambridge in 1957. He 
began his career as a theoretical physi
cist but switched to experimental work 
in molecular genetics about two dec
ades ago. Gilbert is a founder of Biogen, 
SA, an applied-genetics company. Villa
Komaroff is assistant professor of mi
crobiology at the University of Massa
chusetts Medical Center. She was grad
uated from Goucher College in 1970 
and received her Ph.D. in cell biology 
from Harvard in 1975. 

PRA VEEN CHAUDHARI, BILL C. 
GIESSEN and DAVID TURNBULL 
("Metallic Glasses") are materials sci
entists. Chaudhari is a member of the 
research staff of the International Busi
ness Machines Corporation's Thomas 
J. Watson Research Center. A native of 
India, he got his undergraquate educa
tion at the Indian Institute of Technolo
gy in Kharagpur, earning a B.Tech. in 
1961. He then came to the U.S. to con
tinue his studies, obtaining his S.M. and 
SC.D. from the Massachusetts Institute 
of Technology in 1963 and 1966 respec
tively. He has worked at IBM since 
1966. Giessen is professor of chemistry 
at Northeastern University, where he 
also serves as associate director of the 
Institute of Chemical Analysis, Applica
tions and Forensic Science. He was born 
in Pittsburgh but grew up in Germany, 
where he attended the University of 
G6ttingen, receiving his Sc.D. in 1958. 
He was a research associate in metallur-

gy at M.I.T. from 1959 to 1968, when 
he joined the faculty at Northeastern. 
Turnbull is Gordon McKay Professor 
of Applied Physics at Harvard Universi
ty. His Ph.D., in physical chemistry, is 
from the University of Illinois (1939). 
He joined the Harvard faculty in 1962. 

JOHN D. BARROW and JOSEPH 
SILK ("The Structure of the Early Uni
verse") are theoretical astrophysicists 
with a special interest in cosmology. 
Barrow is a research lecturer at the Uni
versity of Oxford. He was born and 
raised in London, studied mathematics 
as an undergraduate at the University of 
Durham and obtained his doctorate in 
cosmology from Oxford in 1977. After 
spending a year as Lindemann fellow at 
the University of California at Berkeley 
he returned to Oxford to become a fac
ulty member in the department of astro
physics. Silk is professor of astronomy 
at Berkeley. A native of England, he 
studied mathematics at the University 
of Cambridge, received his Ph.D. in as
tronomy from Harvard University and 
spent postdoctoral years at the Institute 
of Astronomy at Cambridge and at 
Princeton University. Silk is the author 
of a new book on cosmology, The Big 
Bang: The Creation and Evolution 0/ the 
Universe, published by W. H. Freeman 
and Company. 

MARC BEKOFF and MICHAEL C. 
WELLS ("The Social Ecology of Coy
otes") are at the University of Colorado 
at Boulder. Bekoff, who has taught at 
Boulder since 1974, holds a bachelor's 
degree in anthropology and a doctorate 
in animal behavior, both from Washing
ton University. In addition to his studies 
of can ids, both in captivity and in the 
wild, he has investigated the behavior 
of Adelie penguins at the Cape Crozier 
rookery in Antarctica. Wells was grad
uated from Michigan State University 
and holds a master's degree and a Ph.D. 
from Colorado State University. His 
graduate work dealt with "perceptual 
processes in both waterfowl and coy
otes." He has been studying coyotes for 
six years. 

JAMES H. SCHWARTZ ("The 
Transport of Substances in Nerve 
Cells") is professor of physiology and 
neurology at the Columbia University 
College of Physicians and Surgeons. 
A graduate of Columbia College, he 
earned his M.D. in 1959 at the New 
York University School of Medicine 
and went on to obtain his Ph.D. in 1964 
from Rockefeller University. He was a 
faculty member in the department of 
microbiology at N.Y.U. when he began 
his study of the biochemistry of nerve 
cells in 1968, joining a consortium of 
investigators to form the division of 
neurobiology and behavior. The divi
sion moved from N.Y.U. to Columbia 
in 1974. 
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There are some marvelous benefits ahead for 
mankind. But along with every benefit will come a 
whole new set of problems. 

Champion is a forward·looking forest products 
company. We plant seeds for a living. Seeds that 
take from 25 to 50 years to become mature trees. 
Therefore, we think a lot about The Future of the for· 
est. And, of the pe.ople who will be around to buy our 
products in the years to come. 

So, during the coming year, in magazine ads like 
this, we will continue our program of discussing 
some of the potential cultural and sociological im· 
pacts of future technology and change-to help you 
make intelligent choices. 

You might say, we're planting seeds of thought 
for tomorrow. 

The Future is 
coming. 
But only y'ou 
candeciile 
where it's going. 

Lord Kelvin, the eminent nineteenth cen
tury physicist, once predicted: "X-rays will 
prove to be a hoax"; "Aircraft flight is impossi
ble"; and "Radio has no future." 

Octave Chanute, an aviation pioneer said 
in 1904: "The Iflyingl machines will eventually 
be fast, they will be used in sport, but they are 
not to be thought of as commercial carriers." 

Henry L. Ellsworth, U.S. Commissioner of 
Patents in 1844, a man who should have known 
better, said: "The advancement of the arts lof 
invention] from year to year ... seems to presage 
the arrival of that period when further im
provement must end." 

In a comment on this kind of "technological 
pessimism," science writer Arthur C. Clarke, 
in Profiles of the Future, said: "When a distin
guished but elderly scientist states that some
thing is possible, he is almost certainly right. 
When he states that something is impossible, 
he is very probably wrong." 

Obviously, we can't leave The Future just 
to the experts. As intelligent and well-informed 
as they are, they are not infallible. 

Collectively, we all have to take responsi
bility for the future. It doesn't just happen to 
us. We must learn all we can from the past. 
And use it to help us in the years to come. 

The human race is now making choices 

that may well determine our long-term future. 
No one knows the precise nature of these 
choices, but futurists agree that our actions 
today will reverberate throughout the years 
ahead. 

As a company whose entire being is based 
on the tree, a renewable resource that takes 
from 25 to 50 years to mature, we have always 
been particularly concerned about the pros
pects of future generations of forests. and of 
future generations of people. 

So it seems only natural for us to consider 
some of the situations that futurists foresee for 
the coming generations. And to discuss some 
of the choices that will have to be made. 

In magazine pages like this, we will con
tinue to look at some of the major issues that 
can affect us all in the years to come. 

If you have any doubts about The Future 
remember this: many of the supposedly "un
solvable" problems of past generations have 
been very successfully solved. For example, we 
now have insulin for diabetics, ships that fly to 
the moon and an effective polio vaccine. 

If you agree that The Future consists of a 
variety of alternatives, that choice is unavoid
able and that refusing to choose is itself a 
choice, you have taken the first step toward a 
more active role in your own future. You can 
learn more by sending for a free brochure 
about the critical issues we face in The Future 
and a bibliography for further reading. Write: 
Champion International Corporation 
Dept. 200 A, P.O. Box 10140 
Stamford, Connecticut 06921 

Champion-
a forest products company with 
its roots planted firmly 
in the future. 

We are in the forest products business. 
We plant trees, grow trees, harvest 
trees. And from trees we make wood 
building products. Plus fine paper for printing 
and business. And paper packaging for 
shipping and selling. 

Because we make our living from the 
forest, our success depends, in on\) 
way or another, on the future. And 
we're planning-and planting-for it. 

g �,"lgCompion 

Planting seeds for the future 
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OFA 
. 

CLASSIC. 

The sports car was born in 

Europe. 

And Fiat has traditionally made 

some of Europe's most beautiful 

sports cars. Like our classic 

Spider designed by Pininfarina. 

Introduced in 1966 and contin

ually refi ned over the years. the 

Spider has been hailed by Road 8: 
Track as "the best of the vi ntage 

breed of roadsters." 

And the 19S0 Spider 2000 is 

even better. 

SPIDER 2000. REFINED FROM 
ENGINE TO AERODYNAMICS. 

The 19S0 Fiat Spider 2000 

has a DOHC 2-litre engine. Op

tional leather interiors. color

coordinated with its exteriors. An 

optional automatic transmission. 

And improved aerodynamics for 

optimal fuel efficiency. So unlike 

most sports cars today. it gets the 

kind of mileage you need today. 

SPIDER 2000. FRUGAL, NOT 
FRIVOLOUS, WITH GAS. 

Consider the Spider 2000's 22 mileage. Remember: 

compare this esti-

EPA EST mate to the esti mated 
MI'G 32 MpG of other cars. 

ESTHWY You may get different 

mileage depending on speed. 

weather. and trip length. Actual 

highway mi leage wi II probably 
be less and mi leage varies in 

California. 

But the most beautiful thing 

about the Spider 2000 is simply 

the exhilarating fun of driving one. 

For name of nearest dealer or 

overseas delivery information. call 

(SOO) 447-4700 or in Illinois (SOO) 
322-4400. Specifications subject 

to change without notice. 

MOTORCARS 
IN THE G REAT EUROPEAN 

TRADITION. 
Col Flat Moto. s of North America. Inc .. 1� 
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MATHEMATICAL 
GAMES 

Fun with eggs: uncooked, 
cooked and mathematical 

by Martin Gardner 

Not quite 
spherical 

White 
Oddly closed 

And without a lid 
-MA Y SWENSON 

T
hus begins "At Breakfast," eight 
whimsical stanzas about cracking 
and eating a soft-boiled egg in the 

Continental tradition. The poem contin
ues: "A smooth miracle / here in my 
hand / Has it slid / from my sleeve? / 
The shape / of this box / keels me oval." 

Is there any natural and simple sculp
ture that pleases the eye and the hand 
more than a chicken egg? One end of 
the object is more pointed than the oth
er, and the delightful oval shape varies 
widely from egg to egg. The shape of a 
chicken egg can be simulated mathe
matically by a host of closed curves 
with different low-degree formulas. The 
simplest curve is the oval of Descartes, 
a family of egg-shaped ovals discovered 
by the 17th-century French mathema
tician and philosopher. Just as an el
lipse can be constructed easily with two 
pins and a piece of thread, so can cer
tain Cartesian ovals. 

The illustration at the right shows 
how an ellipse is drawn by keeping taut 
a triangular loop of thread (nylon is best 
because it minimizes friction) as a pencil 
point traces the curve. Because the sum 
of AP and BP in the illustration cl1nnot 
vary, the method ensures that the curve 
is the locus of all points the sum of 
whose distances from the two foci A and 
B is a constant. 

Descartes generalized the curve by let
ting the constant be the sum of m times 
the distance from A and n times the dis
tance from B. where m and n are real 
numbers. The ellipse and the circle are 
special cases of Cartesian ovals. In the 
ellipse m equals n. and n equals 1. The 
circle is an ellipse in which the distance 
between the foci is zero. 

In the oval in the illustration m equals 
1 and n equals 2. By varying the distance 
between the foci, by changing the length 
of the thread or by doing both, it is possi
ble to draw an infinite number of Carte
sian ovals all with multipliers in the ra
tio 1 : 2. The bottom illustration on the 

next page shows how to construct a fam
ily of Cartesian ovals with multipliers in 
the ratio 2: 3. Here one focus lies out
side the oval. Of course, the thread tech
nique works only if m and n are positive 
integers and are small enough to ensure 
that the looping of the thread does not 
generate too much friction. 

Many eminent physicists, including 
Christiaan Huygens, James Clerk Max
well and Isaac Newton, were fascinated 
by Cartesian ovals because of their un
usual optical properties of reflection 
and refraction. In 1846 the Royal Socie
ty of Edinburgh heard Maxwell's paper 
"On the Description of Oval Curves and 
Those Having a Plurality of Foci." The 
Scottish physicist had independently 
discovered the ovals of Descartes. He 
went further, however, in generalizing 
them to curves with more than two foci. 
Maxwell did not present the paper to the 
society himself because as he was only 
15 he was considered too young to ap
pear before such a distinguished audi
ence! (Young Maxwell's paper is includ
ed in the Dover reprint The Scientific 
Papers 0/ James Clerk Maxwell.) 

Among the many other ovals that re
semble eggs, more rounded at one end 
than the other, are the well-known ovals 
of Cassini. A Cassini oval is the locus of 
all points the product of whose distan
ces from two fixed points is a constant. 
Not all Cassini ovals are egg-shaped, 

The top illustration on the next page 
shows how a Cartesian oval can be gen
erated by a similar method. Here the 
thread is looped once around the pin at 
B and attached to the pencil point. By 
keeping the thread taut the upper half of 
the oval can be drawn. The lower half 
of the oval can be constructed by the 
same procedure with the thread arrange
ment inverted. 

A __ ______________________________________ � 

This method obviously generates a 
curve that is the locus of all points 
such that their distance from A added to 
twice their distance from B is a constant. The ellipse: AP + BP ;s COllstallt 
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Cartesian oval: l(AP) + 2(BP) is constant 

Cartesian oval: 2(AP) + 3(BP) is constant 

20 

but when they are, they come in pairs 
that point in opposite directions. 

. 

The physical properties of chicken 
eggs make possible a variety of en
tertaining parlor tricks. Because this is 
April, and Easter falls in April this year, 
eggs should now be uncommonly easy 
to find. If you try the following eggsperi
ments, you will find them both amusing 
and scientifically instructive. 

Surely the oldest of all tricks with eggs 
is making a raw egg stand on end. Chris
topher Columbus is said to have done it 
by setting the egg down firmly enough 
to crush its bottom end slightly. A neat
er solution is to put a small quantity of 
salt on a white table top, balance the egg 
on the salt and then gently blow away 
all but the few invisible salt grains that 
keep the egg upright. (For details about 
Piet Hein's supereggs, solid forms that 
balance on errd without any skuldug
gery, see Chapter 18 of my Mathematical 
Carnival.) 

In fact, on an unsmooth surface such as 
a sidewalk or a tablecloth it is not 

difficult to balance a raw chicken egg on 
its broad end with the aid of only pa
tience and a steady hand. Now and then 
the practice becomes a local mania. For 
example, the April 9, 1945, issue of Life 
described an egg-balancing craze that 
had hit Chungking. According to a folk 
belief in China, eggs balance more easi
ly on Li Chun, the first day of spring in 
the Chinese calendar. 

In the top illustration on page 22 there 
is a marvelous old egg-balancing stunt 
with a cork, a bottle and two forks. Hol
low out one end of the cork so that it fits 
snugly on the egg. The forks should be 
long ones with heavy handles, and the 
rim of the bottle should be fiat like that 
of most soft-drink bottles. Even so, it 
may take many minutes to make a sta
ble structure. Because the egg may fall 
a few times before you balance it try a 
hard-boiled egg rather than a raw one. 
Once the precarious balance is achieved 
it will seem mysterious to anyone who is 
not familiar with physical laws about 
the center of gravity. 

Egg balancing is the secret of winning 
an old puzzle game. The game calls for a 
large supply of nearly identical eggs. 
Two players take turns putting an egg on 
a circular or square table. The loser is 
the player who is unable to put down an 
egg without moving another one. The 
first player can always win by standing 
the first egg on its end at the center of the 
table. On his subsequent turns he puts an 
egg symmetrically opposite wherever 
his opponent puts one. 

Because the inside of a raw egg is 
viscous the inertial drag of the liquid 
makes it difficult to spin the egg on its 
side and impossible to spin it on its end. 
This provides a quick way of distin
guishing a raw egg from a hard-boiled 
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IT TOOK A WINE MERCHANT 
TO BLEND A SCOTCH THIS 
PLEASING TO THE PALATE. 

Ever since the late 1600's, BeRRY Brothers & RUDD, 
LtE. have aFFixed their peR sonallabe 1 to some of the 

world's most expensive and plEAS
ing potions. And theiR shop in 
London has attracted a p�rade of 
peers, poets and prime MinisteRs 
to its door. 

lords tippled here. NaturAllY, when BeRRY BRoth-
ers & RUDD crea ted a Scotch Whisky, they blended it to 
meet the exPEctATions of noble tastes. The result w� 
Cutty Sark Scots WhisKY. A Scotch of uncomMon breed-
ing and Distinctive smoothness. 

Today, you CAn OBtain Cutty SaRK from YOUR neigh
borhood spiRits merchant, secure in the knowledge 
that it Will live up to its heritage. You'd eXPEct no 
less fRom the people who provided Napoleon III with 
claret, Beau BRUMmel with chaMbertin, ANd Lord Byron 
with pORT. 
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How 10 balance all egg all a bottle 

How to break an eggshell by a kllije's inertia 
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one: only a hard-boiled egg can be spun 
on its end. The following stunt with a 
raw egg is less familiar. Spin the egg on 
its side as fast as you can, then make it 
come to a dead stop by pressing it with a 
fingertip. Quickly remove your finger. 
The inertia of the rotating interior will 
start the egg slowly turning again. 

Charlie Miller, a magician friend of 
mine, likes to do a surprising trick with 
a hard-boiled egg. He explains that the 
egg can spin on its side (he spins it gently 
on its side) and also can spin on its end 
(he demonstrates that) but that only a 
magician can make it undergo both 
kinds of rotation in the course of a single 
maneuver. At that point he spins it vig
orously on its side. Most eggs (particu
larly ones that were kept upright during 
boiling) will rotate for a while and then 
suddenly assume a vertical spinning po
sition. (You will find this explained in 
the Dover reprint Spinning Tops and Gy
roscopic Motion: A Popular Exposition 0/ 
Dynamics 0/ Rotation, by John Perry, and 
in "The Amateur Scientist," by Jear! 
Walker, SCIENTIFIC AMERICAN, October, 
1979.) 

The most remarkable of all egg-spin
ning tricks is hardly ever done, probably 
because it takes much practice and is 
easier to learn from someone who can 
do it than from printed instructions. 
You will need a dinner plate with a flat 
rim. From the shell of an opened egg 
break off a piece roughly the size of a 
half-dollar. It will be ragged at the edge 
and it should come from the egg's side, 
not its end. 

Dip the plate in water, put the piece of 
shell on the edge of the flat rim and tip 
the plate at the angle shown in the il
lustration on page 24. The shell should 
start to rotate. If you now turn the plate 
in your hands while keeping it at the 
same angle, the shell will spin with sur
prising rapidity as it travels precarious
ly around the wet rim. To get it right 
you may have to try different pieces of 
shell until you find one with the proper 
balance and convexity. Once you ac
quire the knack you will easily be able to 
demonstrate this amazing juggling feat 
whenever you want. Although the trick 
is described in old conjuring books, few 
magicians seem to know about it. 

Inertia is the secret behind the follow
ing bet. Get a kitchen knife with a sharp 
point, hold it vertically and hang half an 
eggshell over the point as is shown in the 
bottom illustration at the left. Give the 
knife to someone and challenge him to 
puncture the shell by rapping the han
dle on a table or kitchen counter. Each 
time he tries the shell will bounce off 
unharmed, whereas you can crack it 
at will. The secret is to hold the blade 
loosely in your hand. Make it look as if 
you rap the handle on the counter when 
in fact you allow the knife to fall by its 
own weight so that it hits the counter 
and bounces. The imperceptible bounce 
sends the knife point through the shell. 

The intact shell surrounding a I:aw 
egg is remarkably strong. Many people 
know that if you clasp your hands with 
an egg between them, each end touching 
the center of a palm, it is almost impos
sible to break the egg by squeezing. 
What is not so well known is the difficul
ty of smashing a raw egg by tossing it 
high into the air and letting it fall onto 
grass. The May 18, 1970, issue of Time 
described a flurry of such experiments 
that took place at Richmond in England 
after the headmaster of a school did 
it for his students. A local fireman 
dropped raw eggs onto grass from the 
top of a 70-foot ladder. Seven out of 10 
survived. An officer in the Royal Air 
Force arranged for a helicopter to drop 
eggs from 150 feet onto the school's 
lawn. Only three out of 18 broke. The 
Daily Express hired a Piper Aztec to 
dive-bomb an airfield with five dozen 
eggs at 150 miles per hour. Three dozen 
of them were unharmed. When eggs 
were dropped into the Thames from 
Richmond Bridge, three-fourths of 
them shattered. That proved, said the 
school's science teacher, "that water is 
harder than grass but less hard than con
crete." 

The fragility of an egg when it falls 
onto a hard surface is the subject of 
the old nursery rhyme about Humpty
Dumpty and its retelling by Lewis Car
roll in Through the Looking-Glass. It is 
also involved in the following practical 
joke. Bet someone a dime that he can
not put a thumb and finger through the 
crack of a door above the top hinge and 
hold a raw egg for 30 seconds on the 
other side of the crack. As soon as he 
firmly grasps the egg, put his hat on the 
floor directly below the egg, walk away 
and forget about him. 

The best of all scientific tricks with an 
egg is the well-known one in which air 
pressure forces a peeled hard-boiled egg 
into a glass milk bottle and then forces it 
out again undamaged. The mouth of the 
bottle must be only slightly smaller than 
the egg, and so you must be careful not 
to use too large an egg or too small a 
bottle. It is impossible to push the egg 
into the bottle. To get the egg through 
the mouth you must heat the air in the 
bottle. That is best done by standing the 
bottle in boiling water for a few minutes. 
Put the egg upright on the mouth and 
take the bottle off the stove. As the air in 
the bottle cools it contracts, creating a 
partial vacuum that draws the peeled 
egg inside. To get the egg out again in
vert the bottle so that the egg falls into 
the neck. Place the opening of the bot
tle against your mouth and blow vigor
ously. This will compress the air in the 
bottle. When you stop blowing, the air 
expands, pushing the egg through the 
neck of the bottle and into your wait
ing hands. 

Many old books suggest the following 
elaboration using a hard-boiled egg with 
its shell in place. Soak the egg for a few 
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Ie IS a ist through 
and through. He records a Song 
track by track. Plays it back count
less times to check quality and 
performance. 
We felt we had a lot in common 

with Stevie. Each TDK cassette 
has 250 components, assembled 
witli microscopic precision. 
There are 1,117 check points for 
the shell alone. TDK is tested 
under extremes of heat, humidity 
and shock. It performs brilliantly. 
Which is why each TDK package 
has a full lifetime warranty. * 

As we discovered, Stevie has 
been using TDK cassettes for 
years. Long before we thought to 
ask him. For a perfectionist, that 
says a lot. 

·'n the unlikely evenl that any 10K cassette ever _; . .J��<C� P """'�\ 
fails to perform due to d defect in materials m tt u, 5,_ A "'.t 
workmanship simply return it to your local ��'�":. !l 
dedler or to TDK for a free replacement. ��o����-

hours in heated vinegar until the shell 
becomes pliable. Pl1t the egg into a bot
tle by the method described above and 
let it soak overnight in cold water. The 
shell will harden. Pour out the water and 
you have a curiosity with which to puz
zle friends. It happens, however, that I 
have never been able to make this work. 
The shell does soften, but it also seems 
to become porous, which prevents a 
vacuum from forming. (I would be in
terested in hearing from any reader who 
can tell me how to get the vinegar-treat
ed egg into the bottle.) Regardless of 
whether or not the feat works, the fail
ure to perform it is central to one of 
Sherwood Anderson's funniest and fin
est short stories. It is called "The Egg." 
You will find it in his book The Triumph 
o/ the Egg. 

The story is told by a boy. His par
ents, who formerly owned a miserable 
chicken farm, have bought a restaurant 
across the road from the railway station 
at Pickleville, a place not far from Bid
well, Ohio. The father fancies himself a 
showman. One rainy night the only cus
tomer in the restaurant is Joe Kane, a 
young man who is waiting for a late 
train. The father decides to amuse him 
by performing his favorite egg trick. 

"I will heat this egg in this pan of vine
gar," he says to Joe. "Then I will put it 
through the neck of a bottle without 
breaking the shell. When the egg is in
side the bottle, it will resume its normal 
shape and the shell will become hard 
again. Then I will give the bottle with 
the egg in it to you. You can take it 
about with you wherever you go. People 
will want to know how you got the egg in 
the bottle. Don't tell them. Keep them 
guessing. That is the way to have fun 
with this trick." 

When the father grins and winks, Joe 
decides the man is crazy but harmless. 
The vinegar softens the egg's shell but 

the father forgets an essential part of the 
trick. He neglects to heat the bottle .. 

"For a long time he struggled, trying 
to get the egg to go through the neck of 
the bottle .... He worked and worked 
and a spirit of desperate determina
tion took possession of him. When he 
thought that at last the trick was about 
to be consummated, the delayed train 
came in at the station and Joe Kane 
started to go nonchalantly out at the 
door. Father made a last desperate ef
fort to conquer the egg and make it do 
the thing that would establish his rep
utation as one who knew how to enter
tain guests who came into his restau
rant. He worried the egg. He attempted 
to be somewhat rough with it. He swore 
and the sweat stood out on his forehead. 
The egg broke under his hand. When 
the contents spurted over his clothes, 
Joe Kane, who had stopped at the door, 
turned and laughed." 

Roaring with anger, the father grabs 
another egg and hurls it at Joe, just miss
ing him. Then he closes the restaurant 
for the night and tramps upstairs, where 
his wife and son have been awakened by 
the noise. There is an egg in his hand and 
an insane gleam in his eyes. He gently 
puts the egg on the table by the bed and 
begins to cry. The boy, caught up in his. 
father's grief, weeps with him. 

Good stories have a way of turning 
into allegories. What does the egg repre
sent? I think it is nature, the Orphic Egg, 
the vast world that is independent of our 
minds, under no obligation to conform 
to our desires. Understand its mathe
mati cal laws and you can control it to an 
incredible degree, as modern science 
and technology testify. Fail to under
stand its laws or forget them or ignore 
them and nature can be as malevolent 
as Moby Dick, the white whale, or the 
white egg in Anderson's tragedy. 
An egg is an egg is an egg. It is a small 

Ho w to sp in an eggshell on the r im of a plat e 
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FIGHTBACKAGAINSI' RISING GAS CO51'S. 

SCOUT® INTRODUCES THE WORLD'S 
FmsrTuRBOCHARGED DIESEL 
WITH A MILE WARRANTY. 

The new International Scout Thrbo
Diesel engine gives you all the economy 

Scout TUrbo-[Hesel fuel economy: 

f2Ci\2 g� 24 ��y � MPG MPG 

and dependability of a diesel with 
startling acceleration. Power to pass. 
Extra power when you want it ... and 
need it most. 

Diesel engines never need costly 
tune-ups, because they have no spark 
plugs or distributor points. Diesel 
dependability is unsurpassed. Many 
International Harvester truck engines 
getting 250,000 miles and more. Add 
turbocharging and you get the best 
mileage of any American 4-wheeler. 

The warranty that 
separates our Turbo
Diesel from the 
Mercedes 300SD. 

There's a promise that 
separates the Scout Thrbo 
Diesel not only from the 
Mercedes 300SD but from 
every other diesel car 
engine in the world. Our ex-
clusive 100,000 mile 
warranty. During the first 
100,000 miles, or 5 years 
(whichever comes first), Inter
national@Scout will repair or replace 
without charge for parts or labor any 

·'M!.rranties are non-transferable, and assume 
customer's proper care and maintenance. 
See your dealer for details. 

part of the engine block and all 
internally-lubricated engine 
components which are defective!' 

Every Scout engine is a 
100,000 mile engine. From our 
196 cubic-inch four cylinder to 
our 304 cubic-inch and 345 
cubic-inch V-8's. 

The anti -corrosion warranty 
that separates Scout from 

ordinary cars. Scout gives you five 
years with no-rust-through. Clean 

and simple. 
Our extensive 4-step rust-

protection process lets us 
make this promise: 

During the first 
100,000 miles, or 5 
years (whichever 
comes first), Interna-
tional Scout will 
or replace any 
body component which 
suffers "perforation" 
due to corrosion without 
charge for parts or labor. 

Quality and security go 
hand-in-hand. 

Our built-in quality will give you a 
sense of well-being you may never 

experience in an ordinary car. It's a 
secure feeling of sitting in a vehicle that 
surrounds you with protective .steel. 

In a Scout you sit higher than a car. 
A vantage point that lets you see the road 
ahead more clearly and avoid trouble 
more easily. 

Then there's our selective 4-wheel 
drive. It gives you the option of easily 
shifting from economical 2-wheel drive 
to 4-wheel drive, for extra stability and 
traction when the road or the weather 
looks rough. 

How to fight back. 
Before you even consider 

buying an ordinary car, test 
drive a 1980 Scout. It's as easy 

as dialing 800-IH-SCOUT for 
your local Scout dealer. 

Thl?Wee800·IB· SCOUT 
Illinois Residents 800-322-0821 

INTERNATIONAL HARVESTER 

FIGHT WITH SCOUT. 
Anything less is just a car. 
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physical thing with a beautiful geomet
rical surface. It is a microcosm that 
obeys all the laws of the universe. And 
at the same time it is something far more 
complex and mysterious than a white 
pebble. It is a strange lidless box that 
holds the secret of life itself. 

Neatly 
The knife scalps it 

I scoop out 
the braincap 

Soft 
Sweetly shuddering 

Which is more important, the chicken 
or the egg? Is the hen, as Samuel Butler 
said, no more than an egg's way of mak
ing another egg? Or is it the other way 
around? 

"I awoke at dawn," Anderson's narra
tor concludes his account of human fail· 
ure, "and for a long time looked at the 
egg that lay on the table. I wondered 
why eggs had to be and why from the 
egg came the hen who again laid the egg. 
The question got into my blood. It has 
stayed there, I imagine, because I am the 
son of my father. At any rate, the prob
lem remains unsolved in my mind. And 
that, I conclude, is but another evidence 
of the complete and final triumph of 
the egg-at least as far as my family is 
concerned. " 

Here are the answers to last month's 
digraph problems: 

The unique Hamiltonian circuit is 
found by starting at A and following a 
directed path that spells AMBIDEXTROUS. 
One more step joins S to A, honoring 
Scientific American. 

The top illustration at the right is a di
graph for one of many seven-step solu
tions to the problem of six missionaries 
and six cannibals who want to cross a 
river safely in a boat that holds five. 

The Paul Erdos problem is solved by 
placing arrows on the complete graph 
for seven points as is shown in the bot
tom illustration at the right. Of course, 
tht: points and their connecting lines can 
be permuted in any way to provide so
lutions that do not appear in this sym
metrical form, but all such solutiuns 
are topologically the same. See "On a 
General Problem in Graph Theory," by 
Paul Erdos in The Mathematical Gazette 
(Vol. 47, No. 36 1, pages 220-223; Oc
tober, 1963). 

Benjamin L. Schwartz pointed out 
that the impossibility proof for the 
counter-jumping puzzle in the January 
column continues to hold even when the 
allowed moves are extended to include 
diagonal jumps or even a chess bishop's 
moves of any length. In last September's 
column I stated incorrectly that the run 
of seven 3's in the decimal expansion 
of pi begins with digit 7 10,150. Rob
ert Baillie was the first to send the cor
rect digit, 7 10,100, which was later con
firmed by Harry Nelson. 
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BOOKS 

Artificial gems, cave paintings, chemical 

contraceptives, coral and a Darwin reader 

by Philip Morrison 

M
AN-MADE GEMSTONES, by D. El

well. Halsted Press, a division 
of John Wiley & Sons ($44.95). 

GEMSTONES OF THE WORLD, by Wal
ter Schumann. Translated by Eve
lyne Stern. Sterling Publishing Co. Inc. 
($12.95). Unseen utilitarian single crys
tals of silicon grown by man, crystals 
in which the lattice is repeated virtually 
without interruption, are everywhere 
now in this world of digital electronic 
devices. But showy, hard, natural single 
crystals have for a very long time been 
prized, traded, laboriously worked, even 
sung. It was clear that the advancing 
human understanding of crystal growth 
would lead to a lively technology of 
man-made gemstones, precious stones 
fit for elegant faceting by the lapidary, 
not mere glassy visual simulations or 
other imitations but synthetic crystals, 
sharing the very atomic structure of the 
natural rarities. 

From the beginning of the 19th cen
tury, when chemists came to under
stand the chemical nature of emerald 
and ruby, they tried to crystallize such 
gems out of solutions of high-melting
point alumina in lower-melting sol
vents: "fluxes" of various kinds. Small 
rubies were made first in 1837 by Marc 
Gaudin. By 1890 several efforts at em
erald and ruby growth had succeeded, 
but none yielded crystals large enough 
to admire, or even to work economical
ly for jeweled bearings. In about 1886 
there appeared on the market a new type 
of ruby crystal, dubbed Geneva ruby; its 
precise origin remains a mystery. Tiny 
bubbles gave away the general method 
used; the rubies had been grown under a 
gas flame hot enough to fuse the materi
al. In 1969 careful experiment proved 
that the Swiss producers had used a 
clever multitorch process, beginning 
with a fine powder. (There is a corrobo
rating account collected in 1953 from a 
man who said he had grown Geneva ru
bies in his youth.) 

Nowadays the dominant producer of 
flame-fusion corundum (one Japanese 
firm and the Russian bloc apart) is the 
Djeva company at Monthey in Switzer
land. A photograph in Dennis Elwell's 
Man-made Gemstones shows the compa-

28 

ny's long lines of flame furnaces, which 
account for some 60 tons of corundum 
crystals per year, mostly for instruments 
but including a small fraction of gem
stones in dozens of ruby and sapphire 
hues, carefully controlled by the right 
additive. The location on Lake Geneva 
offers cheap hydroelectric power for the 
economical production of oxygen and 
hydrogen for the flames. The company 
was founded by Hrand Djevahirdjian, 
himself once a maker of Geneva rubies 
in Paris as the past century turned. Star 
stones, their elegant asterisms the result 
of aligned needles of dissolved alumi
num titanate, are made by adding ru
tile (titanium dioxide) to the aluminum 
powder under the torch. By careful peri
odic control of the flame temperature 
the star effect is made to occupy the en
tire width of the stone. ("Only rarely do 
natural star stones compare in sheer vi
sual impact with their man-made coun
terparts.") The synthetic star stone is 
very popular in the U.S.; developed by 
the Linde Division of the Union Car
bide Corporation just after World War 
II, the process was patented. Patents 
expired, and Linde left the star-stone 
trade, which is now probably also the 
province of Djeva. 

Diamond is plainly the most desired 
of gems. A great burning glass destroyed 
adamant before the astonished eyes of 
the Florentine academy in 1694, and 
by the end of the 18th century Smith
son Tennant had shown quantitatively 
that diamond was nothing but carbon, 
like so much weight of soot. Would
be diamond synthesizers abounded, but 
they did not succeed. Among them was 
James Hannay, who reported success in 
a dramatic paper to the Royal Society 
of London in 1880. His few tiny dia
monds were skeptically received. An 
exhibit labeled "Hannay's diamonds" 
found much later in the British Mu
seum turned out to be natural diamonds 
substituted for Hannay's products, by 
whose hand is not known. His sealed 
tubes of wrought iron in which hydro
carbons were heated with lithium, to al
low crystallization from solution, could 
not have generated adequate pressure 
for diamond synthesis. 

Henri Moissan (a Nobel-prize wir;tner 
in 1906, but for the isolation of fluorine, 
not for his diamonds) tried the effect 
of pressures generated by the sudden 
quenching of a melt of carbon dissolved 
in molten iron. His tiny crystals also 
seem doubtful, although nothing of 
them remains, not even photographs. Sir 
William Crookes, working with explo
sives, and Sir Charles Parsons, the in
ventor of the steam turbine, firing a rifle 
against a graphite target within a heavy 
block, both announced success. Parsons' 
products were independently tested in 
1928 and found wanting. It is easy to 
find small resistant mineral grains after 
any such complex preparation has been 
dissolved away. The pioneer of modern, 
rational high-pressure physics, Percy 
Bridgman of Harvard, tried his hand 
but failed like all the rest "to solve this 
glittering problem. " 

Success came in the middle 1950's. 
Both General Electric and the Swedish 
company ASEA succeeded by applying 
a pressure of 100,000 atmospheres, a 
temperature of about 2,000 degrees Kel
vin and a catalyst, say molten iron, to 
dissolve the graphite. (You can start 
with almost any organic stuff, even pea
nut butter.) Today a worldwide industry 
synthesizes about half of all industrial 
diamond, some 10 tons per year. Such 
submillimeter stones grow in a couple 
of minutes at pressure. Gem diamonds 
can be made, but gem quality imposes 
slow growth rates. Gem size therefore 
requires a long time at pressure: some 
days. The cost is high and is said not 
to be competitive in the elaborately 
controlled market of the gem-diamond 
trade. The purest diamonds in the world 
are the General Electric stones given to 
the Smithsonian, the largest one about a 
carat. 

Synthetic emeralds have been made 
for almost a century, by crystallizing 
them very slowly out of a solution of 
the constituent oxides of beryllium, alu
minum and silicon (plus the essential 
greening impurity, one part in 1,000 of 
chromium). They were small. To grow a 
few large crystals instead of many small 
ones a long study produced what were 
called I.G.-meralds, developed at I. G. 
Farbenindustrie between the wars. The 
trick was to force a reaction within the 
dissolving flux, floating one constituent 
on the melt. Slow growth then feeds the 
few sites where the reaction first began. 
A good emerald may take a year. 

The mix of innovative materials sci
ence and entrepreneurship in this con
spicuous yet secretive industry nucle
ates heroes. Carroll C. Chatham of San 
Francisco, probably building on I. G. 
Farben, has made a success of synthetic 
emeralds for 30 years and more: his 
"single-handed research had cornered 
the world market. " In the past decade 
or so his leadership has been shared by 
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HOWTOD 
A 

Skillfull hands mold and shape the 
creations of modern-day flight. 
Case in point: Glen Richer. 
Glen was the sculptor of the 

earliest form given to a complex 
engineering idea - the 727. 

He's also transferred the prelim
inary thoughts of the first 747, 
737, and the new 757 and 767 into 
three-dimensional reality. 

Glen is representative of a trad
ition of hand-crafting .. uJ:' ..... ':'.:i:� 
airlines all over 

The number of parts, pieces, 
sub-assemblies and components 
totals well over one million in a 
single aircraft. 

Therefore, it takes thousands of 
Boeing people to work with the 
individual metals, wires, plastics, 
electronics, fiber and synthetics 
needed to build a jetliner like the 
727. For this is a custom business. 
And every Boeing is unique for 
every airline. 

All of this work is a blend of a 
dozen complex technologies -
engineering, metallurgy, chemis
try, physics, cybernetics, 
anatomy, aerodynamics and a host 

THEIIOEINGFA AlILY 
Getting people together. 

of computer sciences. 
And each phase is integrated by 

a logistical system that coordi
nates the work of hundreds of 
thousands of people in companies 
all over the world. 

The result is a 95-ton machine 
that can fly near the speed of 
sound. 

A 727 in service for 20 years 
will fly 25 million miles, make 
45,000 takeoffs and landings, and 
carry 3. 5 million passengers to 
destinations all over the world. 

No other people machine can 
live up to such a lifetime perfor
mance record. No car. No truck. 
No train. No bus. Nothing else in 
the world. 

29 
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©Questar Corporation 1980 
Dear Friend: 

OUESTAR 
WRI TES TOA 
POTENTIAL 

CUSTOMER 

In order to make a fully mounted Questar telescope you need 183 parts, 
not including all the separate parts that make up the eyepieces. And each 
part must be of the best material available for the job to be done. When 
we fit all these pieces together the assembly leaves no opportunity for 
tremor or backlash in the mounting, and there is just enough space around the 
optics so that no cramping or distortion can occur with any thermal change. 

When the Questar 3% was introduced in 1954-the first breakthrough 
in telescope design in 200 years-this compact, versatile instrument made 
all single-purpose telescopes obsolete. When you touch a Questar it won't 
shake and shimmy while the oscillations die down gradually, as with 
long-barreled conventional telescopes. You aren't kept busy switching 
accessories, because every convenience of the observatory telescope is 
built into that magic control box. A Questar gives you a finder view with 
a finger flick; it changes your power with a fingertip control; it focuses 
from infinity down to 10 feet when you want to use it terrestrially; there is 
no falter or backlash while you drive; it smoothly follows your target either 
manually or electrically as you observe. 

With a Questar you don't have to worry much about "good seeing". It 
actually makes seeing possible on those turbulent nights when cumbersome 
instruments with larger apertures are practically useless. 

Questar's portability is what many customers value most-being able to 
carry the fully mounted Standard's 7-pound weight in a handsome leather 
case ready for immediate use wherever they go. Aren't there some nights 
when the seeing looks great but you are just too tired to drag your 
long-legged monster out of the house in its heavy coffin, then assemble it, 
remembering that later you have to take it apart and make the reverse 
trip? Don't you find yourself wishing you had a Questar? 

One of the really remarkable things, now that we think about it, is 
Questar's price. In 1955, when Questar was the new kid on the block, the 
price of the fully mounted Standard Questar was $995; today, more than 
twenty-five years later, a Questar that has even improved its quality over 
the years is priced at $1680, or much less than doubled, while the spiraling 
cost of an automobile has multiplied at least four times. 

These are just some of the things that make so many people choose 
a Questar. 

Sincerely, 

QUESTAR 
Box PC20, New Hope. Pennsylvania 18938 Phone (215) 862-5277 

OUESTAR. THE WORLD'S FINEST. MOST VERSATILE TELESCOPE. IS DESCRIBED IN OUR 1979 
BOOKLET IN COLOR WITH PHOTOGRAPHS BY OUESTAR OWNERS. PLEASE SEND 52 TO COVER 

MAILING COSTS ON THIS CONTINENT. BY AIR TO SOUTH AMERICA. $350: EUROPE AND NORTH 

AFRICA $d' ELSEWHERE. $450. INOUIRE ABOUT OUR EXTENDED PAYMENT PLAN 

another authentic hero, Pierre Gilson. 
They have been joined by another 'pro
ducer lately; flux-grown emeralds have 
a firm place in the market, at about a 
tenth the cost of the scarce natural gem, 
and it cannot be doubted that they are 
genuinely beautiful. 

Gilson has gone beyond rational im
provement of the old flux-growing of 
emerald and ruby. He synthesizes opal, 
turquoise, coral, even the rock gem lap
is lazuli. All his products are beautiful. 
The opal, once its cannonball packing of 
submicron spheres of silica was estab
lished by Australian investigators in the 
1960's, was bound to yield to rational 
effort. Gilson has made fine opals since 
1971; the colloidal spheres are not hard 
to make, probably by precipitation out 
of solution with careful control of size. 
It is uniformity of size and stacking that 
yields the wonderful colors (Bragg re
fraction scaled to the visible range). It is 
not easy to tell the best Gilson opals 
from natural stones of best quality by 
any secure test, although the fabricated 
opals sell by the carat at a cost lower 
by a factor of 10 to 20, a typical price 
for an excellent synthetic product in 
any gem. Gilson produces turquoises 
"in response to a challenge," and not 
chiefly for commercial gain, Elwell be
lieves, as one demonstration of his mas
tery. Gilson'S coral is in part meant as 
a measure toward conservation of the 
natural reefs. 

What comes next? Flux-grown gar
nets, probably in the rare green hue, are 
a good guess, and perhaps a fine imperi
al jade. The fibrous texture of jade may 
daunt the synthesizers; the best-known 
imitation is a product of S. Iimori of 
Tokyo. He holds that the task of true 
synthesis is impossible. The strangely 
doped garnets of the electronics world 
may bring quite new gems in new colors 
to the market. Flux-grown alexandrites, 
the color-changing form of chrysoberyl 
(absorption spectra are offered to ex
plain the effects), have been well made 
(and even patented in 1975) by a pair of 
Californians of the company Creative 
Crystals. Alexandrite is fashionable; the 
man-made stones sell for up to $500 a 
carat, because the natural sources are all 
but worked out. 

Elwell is himself a renowned crystal 
grower, at work on the academic fron
tier of Silicon Valley. He does not forget 
to include an appendix on how to grow 
your own rubies, a hobby not to be 
undertaken lightly. He opts for flux 
growth. The entire book is admirable, 
including its many color plates, but its 
price, more than 23 cents per modest
sized page, is certainly appropriate to 
the subject. 

In the style of a field guide-compact, 
comprehensive and thoroughly illus
trated with about 90 evocative color 
plates-Walter Schumann's Gemstones 0/ 
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What kind of man 
owns his own computer? 

Rather revolutionary, the whole idea of owning your on your desk -is a computer that answers only to you ... 

own computer? Not if you're a diplomat, printer, scientist, Apple Computer. It's less expensive than timesharing. 
inventor ... or a kite designer, too. Today there's Apple More dependable than distributed processing. 
Computer. It's designed to be a personal computer. To Far more flexible than centralized EDP. And, 
uncomplicate your life. And make you more effective. � 

at less than $2500 (as shown), do wnright 

It's a wise man who owns an Apple. � affo:d:ble. 

If your time means money, Apple can help you " VISit your local computer store. 
make more of it. In an age of specialists, the most � You can join the personal computer 
successful specialists stay away from uncreative revolution by visiting the Apple dealer in 
drudgery. T hat's where Apple comes in. your neighborhood. We'll give you his name 

Apple is a real computer, right to the core. So just like when you call our toll free number 
big computers, it manages data, crunches numbers, keeps (800) 538-9696. In California, 
records, processes your information and prints reports. You (800) 662-9238. 
concentrate on what you do best. And let Apple do the rest. Apple Computer, 10260 �� Apple makes that easy with three progr amming languages- Bandley Drive, - �V;: including Pascal-that let you be your own software expert. Cupertino, ., �;::. 
Apple, the computer worth not waiting for. CA 95014. 

T ime waiting for access to your company's big main
frame is time wasted. W hat you need in your department-
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the World (one page is devoted to syn
thetics) is knowing and attractive. Schu
mann is a Munich expert; the translation 
is clear, and the German printers have 
done very well at a bargain. 

SECRETS OF THE ICE AGE: THE WORLD 
OF THE CAVE ARTISTS, by Evan Had

ingham. Walker and Company ($14.95). 
It is just a century since modern eyes 
first looked at the painted bisons of AI
tam ira, a decade since the magnificent 
compilation and effort at analysis of 
cave art was published by Andre Leroi
Gourhan, and the archaeologists do not 
rest. Our attention was drawn within 
that decade to the value of microscopic 
study of the engravings, and here in the 
U.S. we know a little of the remarkable 
finds that have been made by Soviet 
workers from the Ukraine to Lake Bai
kal. This personally written, judicious 
and well-illustrated volume surveys the 
topic as a whole in the light of reason 
rather than iconoclastically. Above all it 
brings a general reader up to date with 
the novelties that have emerged in the 
decade just past. 

Evan Hadingham is a young British 
writer-scholar who has himself worked 
in the caves of Europe. The 15 chapters 
take a reader past the time of our very 
distant forebears, the hominids of the 
Rift and their kin, to the Mousterians 
with the Neanderthal label, and then for 
most of the volume into the Upper Pa
leolithic. Careful discussion of the eco
logical and economic issues, compari
sons with ethnographic realities today, 
the details of cave art, painting, sculp
ture and engraving, and the final fade
out as the forests came back to Europe 
follow; this is the story of a few hundred 
centuries. It is Hadingham's special and 
readable style to put the issues in the 
form of a struggle among interpreta
tions held by one or another worker in 
the field, so that the reader emerges with 
a sense that in prehistory too each gener
ation rewrites the facts to suit the needs 
of the day, always with a few new docu
ments and a few new ideas. 

Most valuable perhaps is the wealth 
of new material from the French, Ger
man and Soviet workers that even the 
attentive reader of this magazine may 
have missed. Some taste of that treasure 
can be given by a quick account of a few 
new findings. There is a photograph of a 
model of a hut of the mammoth hunters, 
dated to about 20,000 years ago, found 
at Mezherich near Kiev. It was a round 
hut framed in mammoth bones, the 
foundation a ring of interlocking jaws. 
The arching roof supports three dozen 
tusks, some even joined by an ivory 
sleeve. Caves are scarce in eastern Eu
rope but mammoths were plentiful. In 
western Europe the pollen students have 
made plain the remarkable local diversi
ty of climate even in the time of the ice. 
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In one French site the settlement holds 
many reindeer bones, but the simulta
neous pollen record shows lime .trees 
and hazels, which require temperate 
conditions. A German site of similar age 
looked out on a Rhine valley forested 
in pine, although the plateau above the 
valley was devoid of trees except for a 
few birches. 

Europe was then a mosaic, not like the 
unrelieved flat tundra of the present Es
kimos or the Siberians. Reindeer were· 
the main source of food for the artists, 
although the animals are rare in their 
art. A fascinating discussion develops 
around the issue of semidomestication, 
because the long settlement assumed for 
the painted-cave regions does not fit 
with the migratory caribou over to
day's tundra. The answer is not fully in; 
the most plausible new work, by Derek 
Sturdy of Cambridge, shows that the 
reindeer-hunting sites now found, some: 
times 500 kilometers apart, can be in
terpreted as paired summer or winter 
camps at each end of a long seasonal 
migration. The scheme is alive in Green
land today: it is "the discreet practice of 
herd-following, always one step behind 
the animals, which left them to their 
own devices as much as possible" but 
did not lose sight of them for an entire 
season, thereafter to return or not un
predictably, as the tundra hunters al
ways fear. 

In the 1960's there arose a widespread 
view of the hunters' life as an idyll, free 
of work and wanL It seems more accu
rate to bear in mind that the key point is 
apt to be the unusual or even seasonal 
lean periods, not the seasons of abun
dance. Even the easygoing !Kung of the 
Kalahari turn out to be chronically un
derweight: the dry spring is a hungry 
season, without their staple food the 

. mongongo nut. The Magdalenians had 
to work to survive, as far as we can tell; a 
fine-tuned steady balance is after all not 
the o_nly rhythm possible for cultures 
long persistent. Some groups could not 
have had it easy; the evidence tends to 
suggest that the handprints of the Gar
gas cave, with so many missing finger 
joints, were not the result of curled-up 
fingers or of retouching. The casts of 
finger holes found in cave clay also show 
scarred stumps of fingers. There are var
ious medical causes postulated; none is 
certain. 

Nearly 500 human figurines are now 
known throughout ice-age Europe. 
They are not uniform in style, and most 
of those in western Europe are sexless, 
hardly support for the view of a univer
sal cult of a pregnant Mother Goddess 
such as the famous little Venus of Wil
lendorf. 

The rock-shelter at La Marche has 
yielded 1,500 limestone slabs, brought 
into the shelter from farther up the 
valley. They are covered with superim-

posed hairline scratches, which turn. out 
after years of ingenious decipherment 
by a team led by Leon Pales, published 
in 1976, to include more than 100 hu
man heads and bodies, "well over a 
quarter of all the human figures known 
in Paleolithic art." They are fully hu
man, individualized, caricatured, by no 
means masterful. A (ew show sexual in
tercourse, conventionally, even reticent
ly, rendered. Five sites are now known 
to hold one or another such "intense and 
peculiar artistic activity, concentrated 
on small pieces of stone." In one site the 
slates used are broken and dispersed, 
reused "without concern for problems 
of space and composition." Were they 
perhaps drawn and redrawn at signifi
cant times? Some of the sites lie far from 
other decorated caves and show medio
cre designs. 

The slow enrichment of the data has 
not fulfilled any of the simpler hypothe
ses. We are looking at a diverse world, 
its landscapes complex, its cultures dif- . 
ferentiated, shifting, by no means iso
lated from one another. We see 10,000 
years illuminated by haphazard flashes 
that offer snapshot detail for a few days 
and then darkness again. No wonder our 
ideas, like the images themselves, are 
superimposed and tangled. Finally the 
strong art faded into the striped peb
bles and the warring stick figures of the 
world after the ice. Almost the last of it 
is found in the cave of Addaura in Sicily, 
dated to some 11,000 years ago, where 
an engraved panel outlines a dozen well
drawn, lively human forms, clearly par
ticipants in some strange and vividly 
composed scene. 

By 5500 B.C. at the latest the farmers 
of eastern Europe were working their 
land, and before 4000 B.C. their way had 
spread to the Irish Sea. We have grown 
in number four-hundredfold since the 
dwindling of the ice. We look back here 
to a time when human beings were man
ifestly as subtle as ourselves, albeit few 
on the face of ice-fringed Europe. 

THE POLITICS OF CONTRACEPTION, 
by Carl Djerassi. With photographs 

and drawings. W. W. Norton & Co., Inc. 
($10.95). At the edge of Silicon Valley 
are the Steroid Hills, where the pharma
ceutical company Syntex has its head
quarters, attracted to Palo Alto by the 
present academic employment of Carl 
Djerassi. Once he was Syntex'.most sig
nificant innovator and then its chief of 
research. Little Syntex S.A., "the small 
Mexican upstart," rose from the early 
1950's to today's big multinational, with 
a half-billion-dollar-a-year gross. A 
brilliant group of young chemists there, 
freely publishing their results to earn 
a reputation before earning a market, 
found syntheses first for cortisone and 
then for a series of increasingly active 
and orally effective variants on the fe-
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resides all that which 
made German tech
nology synony-
mous with 
excellence. In fact, 
the Rolleiflex SLX is a 
concept so advanced, no adver-
tisement can do it justice. To 
see the 2%" x 2%" SLX for 
yourself, write to us for the 
name of your nearest dealer. Or, for an illu$trated bro
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oAIl electronic operationOBuilt-in motor driveoOption
al mUlti-exposure control unitoZEISS or Zeiss-designed' 
lensesOManual or automatic contrololnterchangeable 
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�ollei 
Owning a Rollei says something about you. 

.. 

·Made by Rollei under license from Carl Zeiss. Oberkochen. West Germany. 103 

male progestational hormone, derived 
from a molecular precursor in Mexican 
jungle yams. Their best product, the first 
oral-contraceptive chemical, they trade
named Norlutin. It remains the leading 
compound for oral contraceptives today 
worldwide, used by about 30 million 
women. 

The patent has expired, and the au
thor now reports "I was pleasantly 
amused" to find that the Chinese generic 
name for their most widely used oral 
contraceptive is norlutin. (Here are the 
labels to prove it.) Pill No. 1 is its trade 
name in China, one "of unsurpassed 
simplicity." With its use, amid an arse
nal of software and hardware tech
niques, the People's Republic of Chi
na had by 1979 reduced the population 
growth rate to less than 1 percent in a 
long list of cities and even entire prov
inces and had announced the goal of 
bringing about the same outcome na
tionally by 1980. In the largest country 
in the world, to be sure "a disciplined 
people living in a disciplined society," 
the forebodings of the Reverend Thom
as Malthus have been belied again, at 
least while the economic growth of the 
country can overmatch that small rate 
of increase. 

The politics signaled in Djerassi's title 
is on the whole less momentous than 
what we have just examined. He devotes 
a few of his lively chapters to old battles 
of his own: the history of Congressional 
investigation touching the regulation of 
pharmaceutical innovation, "the road 
from laboratory to consumer," and even 
the response of some constituencies to 
the social and ethical defects they saw in 
the Pill, chiefly those flowing from the 
fact that its side effects, by no means 
unimportant, fall fully on the female 
member of a partnership. These con
frontations sting our urbane and expert 
guide, who is of course a singularly suc
cessful entrepreneur in the generally 
oligopolistic world of the big drug com
panies. He would despair of any inno
vation such as that of the 1950's, much 
of it his own work, in the American reg
ulatory and critical climate that can be 
expected in the 1980's. 

The matter seems less than grave; all 
private reproduction research at the 
flood cost about $20 million per year (in 
harder 1969 dollars; to be sure), a vol
ume that one or another form of sub
vention in the complex grants economy 
of this big country could well replace. 
The companies are in fact out of the 
picture pretty much now, and Gov
ernment support is flowing, although 
not always effectively. ("We can expect 
the taxpayers will spend more and 
more ... and have less and less to show 
for it.") The in-house Government re
search effort is inhibited by various con
straints of politics, and the contracts let 
do not add up to a winning strategy. The 
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recent Chinese announcement of a safe 
and effective pill for males, based on 
gossypol, an active principle (a deriva
tive of binaphthalene) obtained from 
cottonseed oil, offers a case in point. 
("The speed with which the Chinese pro
gressed from initial animal toxicology 
to human experiments is truly remark
able. ") It will take longer here, if it can 
go at all. 

Data gathered by the World Health 
Organization suggest that all hardware 
aids to fertility control worldwide serve 
a total of a couple of hundred million 
users, of whom perhaps a third are on 
the Pill. In the U.S. the Pill's side effects, 
a genuine albeit not a large risk, are cut
ting steadily into its popularity. Declin
ing some 5 percent per year, it nonethe
less remains the leading procedure. 

The most striking piece of biology in 
this review is the contraceptive effect of 
prolonged lactation. Not fully under
stood, this natural feedback method, 
which involves neural endocrine stimu
lation through the suckling stimulus, 
prevents more births than any other 
method of contraception. Breast-feed
ing both reduces infant mortality and 
increases the interval between births. Its 
decline under many influences (includ
ing the milk-substitute marketplace) is 
an unhappy phenomenon, particularly 
in the Third World. One striking obser
vation taken from the studies of Kala
hari hunter-gatherers is that a !Kung San 
woman can expect in her lifetime only 
about 48 menstrual cycles, together with 
four years of pregnancy. The rest is a 
time of lactational amenorrhea. The av
erage modern woman passes through 
more than 400 menstrual cycles. Such a 
protracted monthly rhythm is not "nor
mal " in the biological sense, if the Afri
can data are to be trusted as reflecting 
biological antiquity. The coupling of the 
Pill with the monthly cycle is not a ne
cessity but a cultural practice; it pro
vides, of course, a frequent reassurance 
against pregnancy. There are certainly 
other ways to gain the same end that are 
perhaps closer to the natural state of our 
species. 

Djerassi writes clearly and personally. 
His career and character are extraordi
nary: he has written some 900 papers 
and was for a long period the most cited 
chemist in the world. He is a devoted 
teacher and a successful entrepreneur
magnate; his life, he says, is "like having 
two cakes and eating them both." The 
very readable book is ornamented with 
photographs of figurines from his fine 
collection of pre-Columbian art. The 
book is a first-class review, at once a 
work of information and of advocacy, 
that will educate many a general reader. 
The least our Congress can do is remit to 
the World Health Organization for its 
reproduction research the couple of mil
lion a year WHO spends here for con-

tract work. Might we not be more gener
ous? Say by each year adding "a fourth 
of the cost of a single sophisticated fight
er plane " ?  Time is what we all have to 
gain, and "in birth control time is the 
most expensive commodity." 

TIVING CORALS, by Douglas Faulkner 
L and Richard Chesher. Clarkson N. 
Potter, Inc., distributed by Crown Pub
lishers, Inc. ($45). A few hundred miles 
east of one of the deepest ocean trenches 
the southern Philippine Sea shallows up 
to a ridge, on the tip of which is the 
island of Peleliu, a bitter battleground a 
generation ago. The coral reefs around 
this island ridge, called Belau (still Pa
lau in the atlases), some within sight of 
Peleliu, are the locus of most of the re
markable photographs that fill this book 
with strikingly colorful pattern. Doug
las Faulkner has spent 16 years in under
water photography from Australia to 
the Red Sea. Four photographs in five 
here come from Belau. ("Nowhere have 
I encountered quite so rich a coral world 
in so wondrous a setting.") These were 
made in natural light, down on the reef a 
few tens of meters below the surface. 
With some impressive long-shot excep
tions, the elegant color plates display 
life-size labyrinthine texture or a field of 
delicate polyp blossoms on a stony but 
brilliant ground. The plates satisfy visu
ally; "this book is not a catalog for fab
ric designers, though they may see it as 
such," writes the author-photographer 
disarmingly. 

Actually it is a work of some scien
tific novelty, comparable in purpose 
and content to the great field guides to 
wildflowers, although the rocky slopes 
Faulkner has devotedly and watchfully 
studied and imaged can be visited only 
by the amphibian variant of our species. 
He has presented nearly 200 examples 
of corals arranged taxonomically, care
fully identified (a few are species new 
to science) by his scientific cons ul tan ts, 
Frederick Bayer of the Smithsonian and 
John Wells of Cornell. Thirty-one coral 
families are presented in their taxonom
ic order, most of them viewed for their 
textural identity, some seen at longer 
range. The student of corals working in 
the museum with only the hard skel
etons of these wonderful assemblages 
will find this a guide to life without par
allel, and the general reader will enjoy a 
display of color and design vivified by 
the personal notes that accompany each 
glimpse of the living coral. The corals 
often fluoresce; the glow is "more no-. 
ticeable on overcast days," when the 
direct light is muted. Faulkner has giv
en his specimens common names, like 
those of wildflowers but all his own, be
cause the folklore of the coral reef is 
only at its beginning. The protection of 
coral against the greedy or careless hu
man collector, and the safeguarding of 

the reef habitat as a whole, are urgent, 
again reminding the reader of rare wild
flowers. 

A valuable essay by Richard Chesher 
offers a compact introduction to the bi
ology of coral, still a frontier for explo
ration. The colors of coral owe much to 
the pigments of their inherited symbi
otic algae, whose photosynthetic prow
ess enables the coral to flourish in wa
tery sunshine, there below to build the 
crowded and massively stony reef. Cor
als are by weight "more plant than ani
mal (sometimes as much as 3 to I}," 
packed with their zooxanthellae. The 
sea surface sets a sharp upper limit on 
coral growth, and one photograph here 
eloquently shows the reef at the lowest 
of annual ebb tides, a flat field of coral 
spines at the margin of their tolerance. 
There is "only one really successful cor
al predator," the crown-of-thorns star
fish, which can spread its stomach like a 
blanket over the polyps, to digest the 
tissues "right in their little coral cups." 
Life is slow in this world, but it is an
cient, tenacious and complex. Chesher 
remarks: "What other animal could have 
survived, as did Bikini, 21 megaex
plosions, direct hits with powerful ther
monuclear weapons? " 

THE VOYAGE OF CHARLES DARWIN, 
by Charles Darwin. Autobiographi

cal writings, selected and arranged by 
Christopher Ralling. Mayflower Books 
($9.95). "Surprisingly, for such a reti
cent and private man, Charles Darwin 
wrote a great deal about himself." This 
small, attractive volume is the first in 
which the three records of his memo
ries-his private Beagle diary, his public 
journal of the voyage and the wonderful 
autobiography he wrote late in life-are 
pieced together in part in chronological 
order to recount one continued adven
ture and its meaning. It deserves wide 
attention, the more since it is the read
er's bounty from the British Broadcast
ing Corporation and Time-Life film 
series of last year, shown on the Pub
lic Broadcasting Service network in the 
U.S. early this year. Ralling is the talent
ed producer of the circumnavigating tel
evision series, and his own salty jacket 
photograph of the reconstructed Bea
gle under way off Tierra del Fuego in
trod uces an enchanting 180 pages of 
Darwin, lightly annotated. The photo
graphs, including rain forest and pam
pas, the Gailipagos and the view of 
Aconcagua, are altogether fine. "It is 
most disgusting to feel soft wingless in
sects, about an inch long, crawling over 
one's body .... Afterwards they become 
round and bloated with blood." So we 
meet-and see in the act-the great 
black bug of the pampas, the infectious, 
bloodsucking Benchuca, just about the 
only insect for which Darwin ever had 
an unfriendly word. 
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Chemical Warfare 

and Chemical Disarmament 

Unless the current negotiations in Geneva succeed in prohibiting 

the development, production and stockpIling of chemical weapons, 

a new and more dangerous phase of the arms race may be in store 

by Matthew Meselson and Julian Perry Robinson 

T
he use in war of poison gas and 

" other chemical weapons is prohib
ited by the Geneva Protocol of 

1925, to which all major nations are now 
parties. Some nations accept the Geneva 
Protocol as an absolute prohibition; oth
ers, including the U.S., Britain, France, 
the U.S.S.R. and China, view it as a no
first-use agreement, having formally re
served the right to retaliate in kind if the 
Protocol is violated by an adversary. Of 
the member states of the North Atlantic 
Treaty Organization (NATO)"only the 
U.S. and France have militarily signifi
cant stocks of chemical weapons. The 
continued existence of these weapons is 
based on their possible retaliatory role 
in the event of a chemical attack by the 
U.S.S.R. 

Starting in 1976, the U.S. and the 
U.S.S.R. have been engaged in a series 
of bilateral technical discussions and ne
gotiations in Geneva aimed at bringing 
about chemical disarmament, including 
a ban- on the development, production 
and stockpiling of chemical weapons. 
(The Biological Weapons Convention 
of 1972 already embodies such prohi
bitions against biological agents, buUt 
does not apply to chemical weapons.) 
The bilateral talks have achieved con
siderable agreement on what is to be 
prohibited and also on the general prin
ciple of incorporating both national and 
international arrangements for verify
ing compliance. Little progress has yet 
been made, however, in reaching agree
ment on specific verification measures. 

As talks continue between the U.S. 
and the U.S.S.R., and concurrently with
in the multilateral Committee on Disar
mament, which also meets in Geneva, 
the U.S. and its allies in NATO have 
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embarked on a major program to en
hance and modernize the protection of 
their forces against chemical attack. 
These defensive measures have found 
widespread support within NATO gov
ernments, which view them not only as 
important precautions in the present sit
uation but also as a safeguard to be re
tained even if a chemical-weapons ban 
comes into being. 

Although antichemical protection is 
being improved, the U.S. has not added 
to its stocks of the weapons themselves 
since 1969. The American stockpile, al
though substantial, is positioned mainly 
within the U.S. Its utility for retaliation 
is limited by the sizable logistic effort 
that would be required to deploy it to 
Europe under wartime conditions and 
by a reluctance within NATO to inte
grate chemical weapons into the force 
structures and defense planning of the 
alliance. Requests by the U.S. Army 
for funds to build production facilities 
for a new generation of poison-gas ar
tillery projectiles, called binary muni
tions, have been rejected by Congress 
and the Administration partly on the 
ground that such action could impede 
negotiations for a chemical-arms-limi
tat ion treaty. Moreover, there is debate 
about the military value of a retaliato
ry chemical capability and about its 
possible interactions with nuclear de
terrence. 

In sum, the policy of the U.S. regard
ing chemical weapons appears to be 
nearing a crossroads. If a satisfactory 
treaty is obtained, there will be chemical 
disarmament. Otherwise the U.S. may 
decide to go ahead with the production 
of new chemical weapons and to make a 
determined effort to persuade NATO to 

integrate them into its defense planning. 
In this article we shall describe some 
of the technical, military and political 
considerations that bear most directly 
on· the choices facing the U.S. and its 
NATO allies. In the wider international 
context there are related questions that 
may be no less important, but we shall 
not address them here. 

Modern lethal chemical weapons are 
based on organophosphorus com

pounds known as nerve gases or nerve 
agents. They are chemically related to 

NERVE GAS IS STORED as a liquid in met
al containers at tbe Tooele Army Depot in 
Utab. Tbe containers bold a total of about a 
million gallons of agent GR, or sarin, a bigb-
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certain pesticides b ut are much more 
toxic. The first of these compounds, 
called tab un, was discovered in Ger
many in 1936 in the course of research 
on insecticides. Its military possibilities 
were soon recognized by the German 
government, which proceeded secretly 
to produce it and to develop production 
methods for a related agent found in 
1938, called sarin. Although chemical 
weapons were used extensively in World 
War I, the European belligerents in 
World War II refrained from chemical 
warfare. Nerve gases in particular have 
never been used in combat. 

Nerve gases are stored as liquids. De
pending on the volatility of the partic
ular agent, they can be released from 
munitions as a cloud of vapor or as a 
spray of liquid droplets dispersed by ex
plosive, mechanical or thermal means. 
They can enter the body by inhalation 
or by absorption through the skin. The 
nerve gas then exerts its lethal effect 
by binding to the enzyme acetylcholin
esterase, thereby inactivating it. Block
ing the enzyme causes a rapid accumu
lation of the synaptic transmitter sub
stance acetylcholine, which normally 
is decomposed by acetylcholinesterase 
within milliseconds after being released 
at nerve endings. The buildup of acetyl
choline at autonomic ganglia and effec
tors, at skeletal neurom uscular junc
tions and at synapses in the central ner
vo us system causes a wide array of 
symptoms: intense sweating, filling of 
the bronchial passages with mucus, 
bronchial constriction, dimming of vi
sion, uncontrollable vomiting and defe
cation, convulsions and finally paraly
sis and respiratory failure. Death from 
acute nerve-gas poisoning is caused by 
asphyxia, which generally will occur 

within a few minutes. If the dose is 
only marginally lethal or if it is received 
through the skin, however, it may take 
up to several hours for the victim to die. 
There is evidence that long-lasting neu
rological and psychiatric disorders can 
develop after sublethal exposure. Natu
ral detoxification of nerve-gas poisoning 
is slow, so that the lethal dose is approxi
mately the same whether it is received 
all at once or over a period of hours. 
Antidotes of limited effectiveness are 
available, but a far more effective de
fense against nerve gases (and indeed 
against all chemical-warfare agents) is 
provided by a gas mask and, for agents 
that attack or penetrate the skin, by pro
tective clothing. 

Of the hundreds of organophosphor us 
anticholinesterases that have been con
sidered for use in weapons three have 
dominated attention: their chemical 
names are O-isopropyl methylphospho
nofluoridate (otherwise known as agent 
GB, or sarin), 0-I,2,2-trimethylpropyl 
methylphosphonofluoridate (agent GD, 
or soman) and O-ethyl S-2-diisopropyl
aminoethyl methylphosphonothiolate 
(agent VX). It is estimated that about 
one milligram of sarin or .4 milligram of 
VX is the median lethal dose for man, 
with the lethality of soman being in be
tween. Sarin is nearly as volatile as wa
ter and would be used primarily as an air 
contaminant. VX, with a volatility close 
to that of heavy lubricating oil, would 
be disseminated in sprays as a direct 
contact hazard or as an indirect one, 
through contamination of the ground or 
other surfaces with which people might 
later come in contact. VX applied at 
about 300 kilograms per square kilome
ter would create a deadly skin-contact 
hazard that would persist for a period of 

days or weeks, depending on the weath
er. The hazard from sarin, being primar
ily an airborne one, is of much shorter 
duration and is highly dependent on ver
tical and horizontal air movements and 
on the ambient temperature; under most 
conditions the amount needed to create 
a lethal respiratory dosage would be 
between 100 and 3,000 kilograms per 
square kilometer. 

Sarin and VX are the two standard 
U.S. nerve gases. Soman, first prepared 
in Germany in 1944, is believed by 
Western officials to be the standard Rus
sian nerve gas. The volatility of soman 
approaches that of sarin, but greater 
persistency can be obtained by thick
ening it with synthetic polymers. What 
the R ussians are reported to call VR-55 
is thought to be a stockpiled formula
tion of this type. Tabun (O-ethyl N,N
dimethylphosphoroamidocyanidate, 
also known as GA), the original but now 
superseded nerve gas, was said' at one 
time to figure prominently in the chemi
cal arsenal of the U.S.S.R.; if that is true, 
the stocks could still exist. 

Por use in regular battlefield muni
tions no other poisons match the 

nerve gases. Their toxicity and rapidity 
of action, their effectiveness through the 
skin as well as the lungs, their easy dis
seminability, their fairly low cost and 
their stability set them apart from all 
other chemical-warfare agents. The old
er agents can now be considered obso
lete for the ind ustrialized countries, al
though some must still be taken serious
ly, chiefly because substantial supplies 
remain available. Hydrogen cyanide is 
one example; bis(2-chloroethyl) sulfide, 
also known as mustard gas, is another. 

The nerve gases also overshadow the 

Iy toxic organophosphorus compound cbemically related to certain 
pesticides. The lethal dose of sarin for an adult human being is about 
a milligram. The buildings in the distance contain additional nerve
gas supplies in the form of filled munitions. The objects stacked be-

tween the warehouses are 160-gallon aircraft spray tanks, filled with 
another nerve gas, agent VX. Approximately 40 percent of the to
tal U.S. stockpile of poison gas, which includes both nerve gas and 
mustard gas, is stored at this site and others at the Tooele depot. 
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category of incapacitating agents, sub
stances intended to put soldiers out of 
action for a period of several hours or 
days but with a low probability of death 
or lasting ill effects. Although many 
candidate incapacitants have been 
screened, none has proved satisfactory. 
The anticholinergic psychotropic drug 
known as agent BZ (3-quinuclidinyl 
benzilate) was for a time stocked in stan
dard U.S. incapacitating munitions, but 
its many military shortcomings, includ
ing its unpredictable tendency to elicit 
maniacal behavior, led to its abandon
ment. The only nonlethal antipersonnel 
weapons now in the chemical-weapons 
inventory of the U.S. are those employ
ing the irritant agents CS (orthochloro
benzylidene malononitrile) and CR (di
benz[bJ)[1,4)oxazepine). Also used by 
domestic police, they are classified as 
riot-control agents. Although the U.S. 
made extensive use of CS munitions in 
the Vietnam war and interprets the Ge
neva Protocol as not applying to riot
control agents, they are essentially irrel
evant to combat between modern mili
tary forces because of the brevity of 
their effects and the protection afford
ed by gas masks. 

The size of the U.S. stockpile of le
thal chemical munitions is classified in
formation, but estimates can be made 
from open sources. Approximately 15,· 
000 tons of sarin were produced during 
the period between 1953 and 1957, and 
some 5,000 tons of VX were made be-

AGENT GB 

• CARBON 

o HYDROGEN 

OXYGEN 

o NITROGEN 

8 PHOSPHORUS 

o FLUORINE 

® SULFUR 

tween 1961 and 1967. About 5,000 tons 
of nerve gas, mostly sarin, are account
ed for by the destruction of obsolete mu
nitions and surplus stocks. Of the re
mainder about a fourth is held in bulk
storage containers and three-fourths in 
munitions. Approximately 30 different 
types of nerve-gas munition have been 
approved for the operational invento
ries of U.S. armed forces over the past 
three decades, half of them having been 
produced in quantity. Some are now ob
solete and have been or are being dis
carded. Remaining in the stockpile are 
about three million artillery projectiles 
(lOS-millimeter G B shells, 155-milli
meter GB and VX shells and eight-inch 
GB and VX shells), several thousand 
500- and 750-pound GB aerial bombs, 
hundreds of thousands of two-gallon 
VX land mines and about 1,500 160-
gallon VX aircraft spray tanks. Supplies 
of mustard gas dating from World War 
II are also maintained, both in muni
tions and in bulk stock, the total quanti
ty of the agent being about the same as 
that of nerve gas. U.S. stocks of lethal 
chemical munitions total approximate
ly 150,000 tons, referring to the weight 
of the munitions themselves, not just the 
chemical agent they contain. Nerve-gas 
munitions comprise about two-thirds of 
this total. 

Overall the weight of the U.S. stock
pile of lethal chemical munitions equals 
about a fourth of the weight of the con
ventional (high-explosive) munitions 

AGENT VX 

CHEMICAL STRUCTURES of three organophosphorus anticholinesterases, or nerve gases, 
currently in the arsenals of the U.S. and the U.S.S.R. are given in these molecular diagrams. 
Reading from left to right, the compounds are O-isopropyl methylphosphono/luoridate (agent 
GB), O-1,2,2-trimethylpropyl methylphosphono/luoridate (agent GD, or soman) and O-ethyl 
S-2-diisopropylaminoethyl methylphosphonothiolate (agent VX). Agents GB and VX are the 
two standard U.S. nerve gases. Agent GD is thought to be the standard Russian nerve gas. 
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the U.S. Army currently has on hand in 
Europe. Only a small fraction of this 
chemical-weapons stockpile, however, 
has been positioned abroad: on John
ston Island in the mid-Pacific and in 
West Germany. The stocks in West Ger
many, which are under exclusive U.S. 
control, are mostly ground munitions; 
it is said they would suffice for no more 
than two weeks of widespread battle
field chemical operations in Europe. 

If Administration and Congressional 
authorization is given, the next addition 
to the U.S. chemical-weapons stockpile 
probably would be the I 55-millimeter 
G B artillery projectile. Instead of con
taining actual nerve gas, it contains two 
nerve-gas precursors held in separate 
canisters. When the projectile is fired, 
the canisters burst and their contents re
act to form the nerve gas while the mu
nition is in flight. One of the canisters 
could be stored and shipped separately, 
to be loaded into the projectile at the 
gun site. This built-in safety feature of 
binary-nerve-gas munitions is intended 
to provide greater operational flexibili
ty in the storage, shipment and deploy
ment of chemical weapons, in part by al
leviating public concern about the pos
sible unintended release of poison gas. 

Little seems to be known outside the 
U.S.S.R. about the chemical weapons 
of that nation, either quantitatively or 
qualitatively. The Russians themselves 
have said nothing on the subject in pub
lic. Estimates of the size of the Russian 
stockpile that have appeared are based 
more on appraisals of assumed Russian 
military requirements than on solid evi
dence. U.S. defense officials have stated 
that little confidence can be. placed in 
current estimates of the total size of the 
Russian �tockpile, but that a considera
ble amount of it is deployed both in Eu
ropean forward areas and near the Chi
nese frontier. Part is believed to consist 
of nerve-gas munitions, the remainder 
being mostly mustard gas and hydrogen 
cyanide. 

Whether the Russians consider their 
stocks to be solely retaliatory, as the 
Americans consider theirs, is of course 
not known. A buildup in Russian sup
plies, both of chemical weapons and of 
protective equipment, is said to have 
taken place in the late 1960's. If that is 
the case, the instigating decisions would 
have been made during the last high 
point of U.S. chemical-weapons procure
ment. According to the 1979 military
posture statement by the Chairman of 
the U.S. Joint Chiefs of Staff, initial
release authority for the use of chemical 
weapons by the Russian forces lies at 
the level of the Politburo: the highest 
council of the Soviet state. 

To a degree not approached by other 
categories of weapons, it is possible 

to protect people from the effects· of 
chemical weapons without at the same 
time preventing them from engaging in 
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most of their normal activities. Impor
tant and distinctive aspects of policy
making with regard to chemical weap
ons stem largely from this feature. The 
first and most important line of defense 
against chemical-warfare agents (also 
needed in part against radioactive fall
out) is the physical protection that res
pirators, special clothing and air fil
ters for collective shelters can provide. 
Properly fitted gas masks are capable of 
reducing the concentration of chemical
warfare agents in inspired air by a factor 
of at least 100,000. The filters contain 
activated charcoal for vapor adsorption 
and paper or some similar material for 
retaining particulates. To increase pro
tection against small-molecule agents 
such as hydrogen cyanide, the charcoal 
is impregnated with copper compounds 
or other reactants. Gas masks currently 
deployed by NATO can be donned in 
less than 10 seconds and worn thereaf
ter for long periods, even in sleep. The 
physiological stresses imposed are mi
nor, and the psychological ones can be 
mitigated by training and practice. The 
new American mask, currently in an ad
vanced stage of development, incorpo
rates several refinements over the exist
ing one. It is lighter and is designed to 
interface better with optical and audio 
equipment. The current Russian mask, 
although effective, is harder to don 
quickly than the principal NATO masks 
and is heavier and less comfortable. 

All U.S. Army forces in Europe are 
equipped either with the British Mark 3 
protective suit or with its more recently 
issued American counterpart. Each suit 
is a disposable two-piece overgarment, 
which for full protection is worn with 
butyl-rubber gloves and over boots. The 
American suit weighs four pounds and 
is water-repellent and permeable to air. 
The outer layer of its two layers of fab
ric is wear-resistant and treated to be 
rapidly wettable by droplets of nerve 
gas in order to accelerate their evapora
tion. Penetrating vapor is adsorbed by 
activated carbon bonded to the unex
posed surface of the inner layer. Be
cause the material can "breathe" and 
pass perspiration, it interferes little 
more than ordinary clothing with the 
ability of its wearer to shed heat. At 
temperatures usually encountered in 
central Europe the degradation of com
bat performance in full protective gear 
attributable to heat stress is minimal. 
At temperatures higher than 75 or 80 
degrees Fahrenheit, however, any peri
ods of heavy exertion must be limited 
to about an hour or else protection must 
be partly relaxed, for example by re
moving the gloves and unzipping the 
front of the protective jacket. Current 
Russian protective garments are made 
of air-impermeable rubberized fabric. 
At 60 degrees F. they can be worn for 
about four hours before heat stress 
builds up to casualty levels; above 70 
degrees F. the tolerance time is less 
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u.s. EXPENDITURES for protective equipment against chemical attack have increased sharp
ly in recent years as this country and its allies in the North Atlantic Treaty Organization have 
sought to improve the anti-chemical-warfare capability of their forces in Europe. Bars are 
based on constant 1973 dollars. Hatched bars indicate approximate planned levels of spending. 

than half an hour. The Russians are said 
to be working on an improved suit. 

For armored fighting vehicles collec
tive rather than individual protection 
can be provided. The latest Russian and 
European NATO tanks have seals and 
positive-pressure filtered-air supplies so 
that their crews are fully protected with
out having to wear masks. The Russian 
forces appear to be relying increasing
ly on this method for the armored per
sonnel carriers and combat vehicles 
in which their infantrymen would move 
during battle. The American preference 
is to provide armored vehicles with a 
central pressurized supply of filtered air 
to which individual respirators can be 
connected, making it possible to oper
ate with the hatches open and allowing 
soldiers to enter and leave the vehicle; 
full collective protection is limited to 
vehicles such as "command, control and 
communications" vans and certain mo
bile missile units. Collective protection 
is also available on both sides for fixed 
installations, including command posts 
and temporary shelters through which 
front-line units can be rotated for medi
cal care and rest. 

N A TO troops are trained to put on 
their masks and other protective equip
ment in response to commanders' or
ders, warnings given by chemical-age nt-

detection personnel or individual detec
tion by a variety of means, including the 
sensing of characteristic symptoms such 
as a runny nose, dimming vision and 
tightness in the chest. The capacity for 
determining the proper degree of pro
tection is being enhanced by the deploy
ment of sensitive automatic field alarms 
for nerve gases. Such alarms are impor
tant because nerve-gas contamination 
at casualty-threatening levels may be 
undetectable by the unaided human 
senses. One of the latest alarms to enter 
service is a 30-pound British device that 
monitors the voltage across an electro
chemical cell in which covalently im
mobilized cholinesterase is continuous
ly irrigated with a solution of butyryl
thiocholine substrate; nerve gas in the 
sampled air inhibits the enzyme, just as 
it would in the human body, resulting 
in a drop in the thiocholine level, which 
triggers the alarm. 

Gas masks and protective clothing 
can provide effective protection 

against nerve gas. If they should be cir
cumvented, a second line of defense
the self-administration of antidotes-is 
available to the individual. Antidotes 
would come into play when protec
tive eq uipment had not been donned 
promptly enough or when it had become 
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RUPTURE DISKS 

ARTILLERY SHELLS designed to deliver the nerve gas GB in dif
ferent ways are shown in these cutaway drawings. The ISS-millime
ter projectile at the top is the newer hinary-type munition now ready 
hut not yet authorized for production; the one at the bottom is its 
stockpiled nonbinary equivalent. In the binary version one of the two 
canisters containing the ingredients to form GB can be stored and 
shipped separately, to be loaded at the gun site. When the projectile 

is fired, the contents of the two canisters mix and react to produce the 
lethal agent. The binary feature provides greater insurance against 
unintended release of nerve gas and facilitates possible disposal. The 
heavier casing and central burster of the nonbinary round provide 
substantial fragmentation effects. Although the binary shell holds 
more chemical, only about 70 percent of its payload ends up as GB; 
the other main product of the chemical reaction is hydrogen fluoride. 

damaged. They would also be necessary 
in the more remote eventuality that the 
sorptive capacity of respirator filters or 
protective suits had become saturated 
under circumstances not allowing im
mediate replacement. The most wide
ly available antidote is atropine, which 
blocks acetylcholine at autonomic re
ceptors, used in conjunction with an ox
ime compound that can displace bound 
nerve gas from inhibited acetylcholines
terase. Compact autoinjectors are is
sued to be self-administered as soon as 
the symptoms of nerve-gas poisoning 
begin to be felt. The formulation used in 
current American and Russian autoin
jectors, referred to as TAB, consists of 
trimedoxime, atropine and a second an-

tagonist of acetylcholine, benactyzine. 
This antidote can save the lives of peo
ple receiving somewhat more than the 
median lethal dose of nerve gas, and it 
can reduce the severity of symptoms 
due to sublethal doses. 

Severer intoxication, up to several 
median lethal doses, can be countered 
only if positive-pressure artificial respi
ration is also applied. Prophylactic use 
of oximes or reversible inhibitors of 
acetylcholinesterase such as pyridostig
mine (administered by means of pills 
swallowed a short time before nerve-gas 
exposure) may improve the prognosis. 
Notwithstanding the advances in thera
py and prophylaxis that now seem possi
ble, however, it is doubtful whether 

these medical defenses would signifi
cantly reduce casualties in the sense of 
soldiers put out of action, although they 
could certainly save lives and bolster 
morale. 

The third principal component of an
tichemical protection consists of equip
ment and procedures for decontamina
tion. Soldiers are provided with kits for 
decontaminating their skin and personal 
equipment. The other main requirement 
is a capacity for ensuring that crucial 
combat and support equipment remains 
usable. The contamination that must be 
countered is that which because of its 
density or location would otherwise 
overstress the protection of the opera
tors or be transferable to critical clean 

NONCHEMICAL SHELLS NERVE-GAS SHELL (GB) 

TARGET TARGET TARGET 

FRAGMENTATION AIRBURST TARGET 
PERSONNEL PERSONNEL PERSONNEL 

CARRYING BUT WEARING WEARING 
SUBMUNITION HIGH-EXPLOSIVE PERSONNEL 

NOT WEARING GAS MASKS BUT GAS MASKS AND 
SHELL SHELL UNPROTECTED 

GAS MASKS AT NOT PROTECTIVE PROTECTIVE 

TARGET PERSONNEL 1 4 
ON THE ATTACK 

TARGET PERSONNEL 
4 51 ON THE DEFENSIVE 

NUMBERS OF VOLLEYS of different projectiles that would have 
to be fired by a battalion of 18 ISS-millimeter howitzers in order to 
inflict casualties of about 30 percent on a platoon-size target (with a 
radius of ISO meters) in open terrain at a distance of 10 kilometers 
are estimated in this table. The figures take into account the differ
ences between attackers and defenders with respect to their posture, 
breathing rate and time required to don their gas masks once the 
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START OF ATTACK CLOTHING CLOTHING 

1 2 74 
(CASUALTY LEVEL 

EXCEEDING A 

FEW PERCENT 

1 66 74 WOULD BE 
UNATTAINABLE) 

shells have started to fall. The fragmentation submunition shell, one 
of a family of new munitions called Improved Conventional Muni
tions (lCM) by the Army, detonates at a height of about SO meters, re
leasing a cluster of 88 small antipersonnel bombs. For the nerve-gas 
shells the number of volleys required would vary over at least an or
der of magnitude depending on the weather. The figures given here 
are midrange ones: for a cool, dry, overcast day with a gentle breeze. 
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areas. This task can be accomplished 
with portable dispensers and scrub
bers, which can apply decontaminating 
agents to door handles, gunsights, ma
chine controls, entryways and the like. 
Effective decontaminants are available 
in the form of oxidizing agents, such as 
bleaching powder. Also available, al
though perhaps less critical, is large
scale decontamination equipment for 
use in logistical centers and staging ar
eas. The Warsaw Pact nations have de
ployed large numbers of vehicles for 
chemical and radiological decontami
nation, including the TMS-65 turbojet
powered large-volume dispenser, first 
observed in the 1960's, which is said to 
be capable, when it is used in pairs, of 
decontaminating the outer surfaces of 
a tank in less than three minutes. 

The new protective items now being 
deployed by NATO in Europe are 

greatly increasing the capacity of the 
NATO forces for operating effective
ly on contaminated battlefields and for 
preserving support and resupply func
tions. Equipment, however, is only a 
part of what is needed. An adequate 
defense must also embody a detailed 
and widely diffused understanding of 
the problems involved, thorough train
ing and exercising of personnel, and an 
organization efficient enough to operate 
smoothly under the chaotic conditions 
of war, which large-scale chemical oper
ations would undoubtedly aggravate. 

All the major NATO and Warsaw 
Pact armies provide training for anti
che)11ical protection at the individual 
level, but there are many tasks that must 
be done by groups requiring special 
equipment and expertise. These require
ments overlap those for biological and 
radiological defense, and all three tasks 
(nuclear, biological and chemical) are 
generally organized together under the 
abbreviation NBC. The American prac
tice is to assign such tasks to teams un
der local field command, down to and 
including the company level, with key 
personnel in each team receiving more 
specialized NBC training. A typical U.S. 
Army company of between 100 and 130 
men includes an NBC Defense Team to 
which 15 or more men are assigned, 
most of whom usually have other du
ties as well. The team includes separate 
groups assigned to chemical detection, 
radiological monitoring and decontam
ination. In addition there are career 
chemical-specialty troops attached to 
brigades and higher command levels, 
such as the NBC Defense Companies 
authorized for each U.S. combat divi
sion and corps support command. The 
Russian organization, which resembles 
that of the West German army, places 
much more emphasis on career NBC 
troops organized as a separate branch, 
of whom there are estimated to be ap
proximately 80,000. 

Antichemical defense procedures are 

PROTECTIVE GEAR designed to defend soldiers against a chemical attack is modeled by a 
U.S. infantryman in this photograph released recently by the Army. The gas mask, a new style 
now in an advanced stage of development. incorporates filters made of activated charcoal for 
vapor adsorption and glass fiber for particle retention. The protective suit. a disposable two
piece, multilayered overgarment. is lightweight. water-repeUent and permeable to air. The out. 
er layer of fabric is chemicaUy treated to be rapidly wettable by droplets of nerve gas in or. 
der to accelerate their evaporation; penetrating vapor is adsorbed by a layer of activated char. 
coal bonded to the inner fabric layer. For fuU protection the suit is worn with butyl-rubber 
gloves and overboots. Adhesive-backed strips of detection paper are placed on the arm, wrist 
and ankle. All U.S. troops in Europe are equipped with gas masks and protective clothing. 
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routinely practiced during Warsaw Pact 
maneuvers. Evidence of such close at
tention to protection has been available 
to NATO since the 1950's, not least in 
the pages of Russian military journals. 
Russian-supplied protective equipment 
of many kinds was found among Israeli
captured Arab materiel after the Six
Day War of 1967, indicating that the 
equipment was standard Russian issue. 
Similar NBC materiel was captured 
during the October War of 1973. In nei
ther case were any chemical munitions 
found. 

In 1974, citing the October War find
ings, the U.S. Army announced that it 
was assigning a high priority to anti
chemical preparedness, and it is now en
gaged in a $ 1.5-billion program intend
ed to provide by the mid-1980's a great
ly improved capability for withstanding 
chemical attack and for conducting op
erations in a toxic environment. Battle
training exercises are routinely held in 
full protective gear. Similarly, the Air 
Force has begun a program, estimated 
to cost $234 million and due for com
pletion by 1984, to improve the chemi
cal defenses of its European air bases. 
These programs are rapidly bringing the 
quality of the antichemical protection 
of U.S. forces in Europe up to or be
yond that of those allied forces that have 
long given it priority, particularly the 
British, Canadian, French and German 
forces. NATO itself has embarked on 
an alliance-wide program to smooth 
out disparities and upgrade overall anti
chemical defenses. 

Even with the advanced methods of 
chemical protection now available, 

a sufficiently determined chemical at
tack would still make an impact, not 
only in casualties among troops caught 
off guard or with defective or improper
ly used protective equipment but also in 
the degradation of mission performance 
imposed by the protective measures 
themselves. The better the protective 
posture of a fighting unit is, however, the 
less economical would the use of chemi
cal weapons against it become in com
parison with other weapons. For caus
ing casualties the principal non-nuclear 
competitors with nonpersistent agents 
such as sarin are flame-producing mu
nitions and air burst high-explosive or 
fragmentation munitions against troops 
in the open and fuel-air explosives 
against dug-in troops; competitive with 
persistent agents such as VX for "area 
denial" are the many varieties of scatter
able mine, including those deliverable 
by artillery. Although side-by-side com
parisons of these different munitions 
have apparently not been undertaken in 
any great detail, the existing munitions
expenditure tables for each one provide 
a rough guide. For unprotected or un
prepared troops the casualty effects of 
chemical weapons can be competitive 
with those of conventional weapons, but 
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this is not the case for an attack on pre
pared troops with good antichemical 
protection, particularly when the com
parison is with the much more effective 
newer types of conventional antiperson
nel weapons now being deployed. Sol
diers wearing antichemical protective 
equipment are far more vulnerable to 
conventional attack than they are to at
tack with chemicals. Moreover, it must 
also be taken into account that, at least 
for NATO, resources devoted to chemi
cal weapons contribute nothing to fire
power unless the other side chooses to 
use chemicals first. 

Much more difficult to assess than the 
casualty effects of chemical weapons is 
the degree to which antichemical pro
tection degrades mission performance. 
Large-scale controlled tests adequately 
designed to provide the necessary data 
have only recently begun in the U.S. 
There is bound to be some degrada
tion, and for some missions it would be 
worse than it would be for others. Cur
rent estimates range from near zero, as 
in a recent British exercise at an air 
base in Germany measuring tactical air
craft turnaround times with the air and 
ground crews fully protected, to more 
than 30 percent for some unspecified 
types of front-line mission cited in the 
testimony of Department of Defense of
ficials before Congress. 

Since civilians are unlikely to be pro
vided with protective equipment and 
trained in its use to the same extent as 
combat units, noncombatants stand to 
suffer more severely from the effects 
of chemical attack. Existing chemical 
weapons are not designed for strategic 
purposes, and military doctrine does not 
envision intentional chemical attacks on 
civilians. Clouds of nerve-gas vapor 
could drift long distances downwind of 
a battlefield before becoming harmless, 
however, and terrain contaminated by 
nerve gases may remain hazardous long 
after fighting in the region has ended. 
Battlefield chemical weapons thus carry 
with them an immense potential for 
causing civilian casualties. It can be es
timated that on-target sarin contamina
tion intended to cause 20 percent casu
alties among soldiers carrying respirators 
but not at first wearing them could, un
der weather conditions frequent in cen
tral Germany, kill unprotected people 
20 kilometers or more downwind and 
seriously incapacitate people out to 
about twice that distance. Civilian casu
alties on the order of millions could re
sult from battlefield chemical warfare in 
Europe. 

Quite apart from the purely mili
tary factors determining the utility 

of chemical weapons there are within 
N A TO major political considerations 
limiting their deployment and use. The 
U.S. and France are alone among the 
N A TO allies in possessing them. Italy 
(like Bulgaria, Hungary and Romania in 

the Warsaw Pact) is under internlltional 
treaty consJraints limiting the acquisi
tion of chemical weapons. West Germa
ny, also limited by treaty, has renounced 
them altogether in perpetuity and, as the 
sole European repository of U.S. stocks, 
is a reluctant host. In an official White 
Paper the West German armed forces 
have disavowed any intention either 
now or in the future of seeking access to 
the stocks or of training combat units in 
the use of chemical weapons. 

The arguments advanced for NATO's 
maintaining a chemical retaliatory ca
pability vary, according to whether it is 
supposed the Russians employ chemi
cals in an otherwise conventional war 
or whether instead nuclear weapons are 
also in use. In the event of a major Rus
sian conventional attack on Europe a 
NATO capability for retaliating in kind 
is seen as an important, yet minimally 
escalatory, deterrent against a Russian 
initiation of chemical warfare. It is con
sidered that NATO retaliation would be 
seen by the Russians as substantially off
setting any gain from their use of chemi-
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tbe Iigbt-color areas would be poisoned, al
tbougb not fatally; tbeir vision would be af
fected, and tbey would suffer protracted eye 
pain, beadacbe and difficulty breatbing. Witb
in tbe medium-color areas unprotected peo
ple would be incapacitated for a period of 
days. Tbe innermost, dark-color areas are 
tbose in wbicb people would be severely poi
soned; only young adults near tbe outer fring
es of eacb area would bave a good cbance of 
surviving, and many of tbem would be brougbt 
to tbe brink of deatb, collapsed and i'n con
vulsions. Under more stable atmospberic con
ditions, for exam pIe at nigbt witb clear or par
tially clear skies, all tbe areas would be several 
times larger; under less stable conditions, for 
example in warm, sunny weatber, tbey would 
be smaller. Normally tbere would be wind fluc
tuations over tbe to-bour period considered 
bere, altering tbe sbape of tbe equal-dosage 
contours. Tbe six attacks illustrated would re
lease only a fraction of a percent of tbe total 
amount of nerve gas tbat could be expend
ed in a large-scale cbemical war in Europe. 
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cals. Moreover, since such a NATO re
sponse would be only a continuation of 
what the other side had started, the 
NATO retaliatory threat would be cred
ible where the much more escalatory 
threat of nuclear retaliation might be 
less so. It is further argued that if deter
rence fails, NATO forces can discour
age escalation of the extent and intensi
ty of the use of chemicals and possibly 
end it by being able to use their chem
icals to match the effect of chemical 
strikes at each level, both on the battle
field and in rear support areas. 

U.S. doctrine on chemical weapons 
promulgates these ideas in current field 
manuals as follows: "The objective of 
U.S. policy is to deter the use of chemi
cal weapons by other nations. If this de
terrence fails, and the use of chemical 
weapons is authorized by national com
mand authorities, the primary objective 
is to achieve early termination of chemi
cal-warfare operations at the lowest lev
el of intensity." 

Under the different assumption that 
nuclear weapons are already in use, the 
antiescalation benefits seen for a chemi
cal retaliatory capability largely disap
pear. The utility of chemical retaliation 
would then hinge on its battlefield effec
tiveness in inflicting casualties and im
posing delays on enemy military units. 

The deterrent value and the de-esca
lating potential of NATO's chemical 
weapons have been questioned both in 
terms of immediate military effective-

ness and in relation to broader strategic 
considerations. If the Russians were to 
use chemical weapons in support of a 
conventional offensive, NATO retalia
tion in kind at the same level would 
compel the Russian forces to adopt 
more stringent antichemical precau
tions than their own chemical attack had 
necessitated. This effect might or might 
not have some significance in determin
ing the overall outcome, but its possibil
ity, it is argued, would hardly be likely 
to be seen by the Russians as offsetting 
the immediate gains that recourse to 
chemicals could promise. An initial 
chemical strike, in contrast to a retalia
tory one, might have a substantial prob
ability of catching opposing forces at a 
low level of antichemical protection and 
would hold out a correspondingly great
er prospect of major tactical impact. It 
is therefore maintained that NATO's 
chemical weapons would add little to 
the deterrence of chemical warfare un
less the retaliation threatened were high
ly escalatory: heavy enough to over
whelm Russian front-line protection or 
deep enough to reach targets in the Rus
sian rear. 

Serious liabilities for NATO would, it 
is argued, be attached to such a re
sponse, however, thereby reducing its 
credibility. The extension or intensifica
tion of the battlefield use of chemical 
weapons could slow NATO counterof
fensives and greatly increase civilian ca
sualties. Longer-range chemical attacks, 

with effects intrinsically difficult to pre
dict or control, would carry a serious 
risk of precipitating nuclear or other es
calatory responses that NATO might 
prefer to avoid or to preserve as its own 
initiative. The retaliatory options avail
able in a chemical-warfare capability of 
this kind would, in terms of potential 
target effects, overlap those afforded at 
present by NATO's nuclear weapons, so 
that the deployment of chemical weap
ons could be perceived by the Russians 
as a sign of diminished resolve to use 
nuclear weapons. Increased reliance on 
chemical retaliation to deter a Russian 
chemical attack could then carry a cost 
of reduced capacity for deterring war 
itself. 

As it happens, the latter considera
tions are for the present largely academ
ic since the chemical weapons NATO 
has available in Europe are sufficient 
only for rather limited retaliation. The 
leading NATO allies have made it clear 
that they are unwilling to countenance 
any expansion of the stocks, whether 
through procurement actions of their 
own or by expanding the chemical
depot facilities available to the U.S. 
Domestic political considerations have 
been influential, but it is also recognized 
that the resources needed to expand and 
modernize the NATO stocks, possibly 
by deploying binary munitions, would 
represent a substantial drain on other 
NATO programs, such as the present 
upgrading of conventional military ca-

DISPOSAL FACILITY for the destruction of chemical weapons 
that have become unserviceable was built recently at the Tooele 
Army Depot. Agent GB is decomposed here by hydrolysis in alkaline 
solution, agent VX is decomposed by chlorination and mustard gas 
is destroyed by incineration. The disposal of unserviceable stocks of 

lethal chemical weapons currently under way is expected to take sev
en years and to consume a few percent of the U.S. stockpile. The 
facility serves as a prototype of the installations that would be need
ed for the larger-scale elimination of chemical-weapons stockpiles 
in the event that a chemical-disarmament treaty comes into being. 
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pabilities. There is also fear that if an 
expanded chemical retaliatory capa
bility were ever to be used, the con
sequence would be a stalemate on the 
battlefield, as in World War I, with at
tendant greatly increased casualties and 
destruction in Europe. 

Maintaining a chemical retaliatory 
capability and entering into an 

agreement to limit chemical arms are 
alternative approaches to the same ob
jective: the minimizing of the threat 
presented by the chemical weapons of 
one's adversary. Only arms limitation, 
however, seeks to remove the oppo
nent's weapons and to reverse the usual 
cycle whereby the military programs of 
one side act to drive those of the other. 
Moreover, only arms limitation ad
dresses the problem of the possible pro
liferation of chemical weapons to con
flicts and confrontations between par
ties other than the NATO and Warsaw 
Pact countries. Both approaches entail 
risks. Maintaining chemical weapons 
perpetuates the already existing threat 
and may augment it. Entering into an 
arms-limitation agreement may in the 
worst case ·expose NATO to an undi
minished threat while denying NATO a 
chemical capability of its own. Both ap
proaches are subject to important politi
cal constraints, quite apart from the 
constraints imposed by the purely mili
tary strengths and weaknesses of the 
weapons themselves. On the one hand 
there are political limits to the measures 
attainable for verification of compli
ance with an agreement. On the other 
there are political constraints on the na
ture and effectiveness of the chemical 
retaliatory force NATO can maintain. 
These constraints are rooted not only in 
public opinion but also in the national
defense policy of key NATO allies, such 
as West Germany. 

Nevertheless, there are two essential 
factors that give NATO considerable 
flexibility in shaping its policy for chem
ical weapons. One of these factors is the 
greatly improved chemical-protective 
posture now coming into being in Eu
rope. This factor limits the threat to 
NATO forces created by Warsaw Pact 
chemical weapons, both in the present 
situation and in the environment of an 
arms-limitation agreement, should the 
other side retain or produce chemical 
weapons in violation of the agreement. 
The other factor allowing flexibility in 
NATO policymaking is the wide range 
of modern conventional weapons and 
nuclear weapons, which overlap and 
overshadow the capabilities of chemical 
weapons, both for deterrence and for 
combat. These considerations help to set 
the boundary conditions within which 
the current bilateral talks between the 
U.S. and the U.S.S.R. on chemical disar
mament proceed. 

At the Moscow summit meeting of 
July, 1 9 74,  President Nixon and Secre-

tary Brezhnev declared they had agreed 
to consider a joint initiative on the pro
hibition of chemical weapons. This 
agreement was reaffirmed by President 
Ford and Brezhnev at Vladivostok that 
November, and it led in August, 1976, to 
the start of the current bilateral negotia
tions in Geneva. By the end of the 10th 
round of the talks, in August, 1979, 
agreement had been reached that both 
lethal chemical weapons and incapaci
tating ones should be included within 
the scope of a chemical-weapons con
vention, and that highly toxic chemicals 
(and precursors) of types and in quanti
ties having no justification for purposes 
other than chemical warfare should also 
be prohibited, subject to certain addi
tional criteria intended to facilitate veri
fication. It is also agreed that on ratify
ing the convention states should .declare 
their chemical-weapons stockpiles and 
means of production, and that verifica
tion of their elimination within a speci
fied period should be based on a com
bination of national and international 
measures, including a provision for re
questing on-site inspection to investigate 
suspected violations. Although these 
agreements represent substantial prog
ress, critical negotiations still lie ahead, 
since little accord has yet been reached 
on the particular information to be pro
vided in the required declarations or on 
the pivotal issue of the specific methods 
to be used for verifying the destruction 
of chemical weapons and the elimina
tion of production facilities. 

Existing means of surveillance, in
cluding a variety of procedures for intel
ligence gathering and evaluation, have 
an important if limited ability to detect 
chemical-warfare activities in the War
saw Pact region. Such national verifica
tion procedures by themselves are con
sidered by the U.S. and other NATO 
countries to be inadequate for monitor
ing compliance with a chemical-disar
mament treaty. It is not necessary, how
ever, that a verification system be able to 
detect all the activities and facilities that 
go into creating or maintaining a chemi
cal-warfare establishment. What is re
quired is a high likelihood of detect
ing chemical-warfare preparations on a 
scale large enough to constitute a major 
military threat. It is important to note in 
this regard that the effectiveness of veri
fication measures is enhanced by a high 
level of chemical defense. Good defense 
greatly raises the scale of chemical-war
fare preparation needed to constitute a 
major military threat, making conceal
ment more difficult and intrusive inspec
tion less necessary. 

Although historically there is wide di
vergence between the approaches of the 
U.S. and the U.S.S.R. to problems of 
verification, the agreed concepts of de
claring chemical weapons and means of 
production and of using a combination 
of national and international measures 
to verify their elimination may provide 

the basis of a convention acceptable to ' 
both sides. One approach for reliably 
verifying the destruction of declared 
weapons and chemicals would be to 
transport them to a site or a few sites 
chosen by the possessor where the de
struction would be carried out under in
ternational observation. Even with au
tomated disposal techniques this proc
ess would require several years, during 
which the participants might take vari
ous measures to assure themselves that 
the agreement was being implemented 
as expected. The elimination of declared 
prod uction facilities could be moni
tored by satellite reconnaissance, fol
lowing limited on-site visits to ascertain 
that the facilities were of the types de
clared. These procedures would guaran
tee the elimination of large quantities of 
chemical weapons and sizable produc
tion facilities. The problem of verifying 
the absence of undeclared stocks or fa
cilities could be addressed by carefully 
designed measures based on the already 
agreed right to request on-site inspec
tion where other means had indicated 
questionable activities. 

The search for political accommoda
tion within these possibilities and the 

various others that can be conceived for 
a chemical-arms-limitation agreement 
has developed a pace of its own, albeit 
one that is governed by changes in the 
broader course of international rela
tions. If the U.S. and the U.S.S.R. are 
able to come to terms on chemical war
fare, the next step would be to present a 
proposal for a multilateral agreement to 
the Geneva disarmament conference. 
The exploratory negotiations and tech
nical study that have been continuing 
there for the past 1 1  years could then 
finally result in a chemical-weapons 
treaty with wide international support, 
but it will clearly be some time before 
the ultimate success or failure of these 
endeavors becomes apparent. Mean
while there is a danger that the exist
ing constraints against chemical war
fare will weaken and that additional 
countries will move to acquire chemi
cal weapons, as is emphasized by the 
recent unconfirmed but troubling alle
gations of the use of poison gas in Af
ghanistan and Southeast Asia. 

What is at stake in the negotiations 
goes beyond the problem of dealing 
with the threats chemical weapons cur
rently present to the security of nations. 
Mankind has entered a period of rapid 
and accelerating understanding of the 
fundamental biochemical and cellular 
processes of life. As this knowledge ex
pands, so too will the range of its possi
ble applications for good and ill. In the 
long run the existence of a chemical
disarmament treaty in addition to the 
present biological one could help to es
tablish the principle that the increasing
ly profound knowledge of life processes 
be directed solely to beneficial purposes. 
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A Paleolithic Campsite in Belgium 

In which bits of stone scattered in sand are analyzed to reconstruct 

human activities ofsome 9�OOO years ago. In one method ofanalysis 

flint tools are refitted into the piece from which they were struck 

by Francis Van Noten, Daniel Cahen and Lawrence Keeley 

N
ew methods of analysis are be

ginning to provide information 
on a period in the prehistory 

of Europe about which little has been 
known. This is the time, beginning some 
9,000 years ago, when the cold climate 
associated with the last ice age had giv
en way to moderate conditions roughly 
comparable to those of northern Eu
rope today. Parklike ·tundra had been 
replaced by forests of birch and pine. 
Where the tundra was populated by 
mammoth, woolly rhinoceros and rein
deer, the forests sheltered various kinds 
of deer, moose, wild cattle and boar. 
The human population, hunters and 
gatherers who had formerly pursued 
the animals of the ice age, adopted new 
strategies better suited to the habits of 
the less gregarious and more widely dis
persed postglacial animals. 

In this period the hunters and gath
erers of northwestern Europe seem to 
have preferred to camp on sandy soils. 
Indeed, this preference is why we know 
so little about them. Those soils are 
generally acidic, so that few organic re
mains such as animal bones have sur
vived. The chief evidence of human ac
tivity is the flint artifacts the hunters and 
gatherers made, used and left behind at 
their campsites. It is our intention here 
to describe one such campsite in Bel
gium and to show what could be learned 
from almost the only evidence of hu
man presence at the site: the flint arti
facts made and used by its occupants of 
nine millenniums ago. 

Meer is a village near the border be
tween Belgium and the Netherlands, 
some 35 kilometers northeast of Ant
werp. Not far from the village, along the 
line of an ancient wind-built dune, com
mercial digging for sand in the mid-
1960's exposed evidence of prehistoric 
occupation half a meter below the sur
face. Investigators from the Royal Mu
seum of Central Africa at Tervuren in 
Belgium eventually located four sites in 
the area; the last of them is still being 
excavated. All four are campsites on 
what was then a low dune overlooking 
shallow valleys that must have been 

48 

marshy. The valleys are now drained 
and under cultivation, but apart from 
that the environment of the campsites 
was probably not very different from 
what it is today. 

The second of the sites, Meer II, is the 
one we shall discuss. It was systemati
cally excavated between 1967 and 1969 
by one of us (Van Noten). Analysis of 
the findings generated intriguing hy
potheses about the site, and excavation 
was resumed in 1975. This second cam
paign was completed in 1976. 

Apart from stone artifacts the various 
.fl. Meer II excavations yielded only a 
few eroded pieces of unidentifiable bone, 
some concentrations of small scraps of 
charcoal (a few of them probably rep
resenting hearths) and some bits of 
ocher (the red iron oxide hematite). The 
stone artifacts, however, were quite nu
merous. They included hammerstones 
made of quartzite and schist and grind
stones made of sandstone. Other sand
stone fragments appear to be the re
mains of slabs cracked by fire; they 
were probably hearthstones. Of some 
16,000 stone artifacts uncovered dur
ing the excavations, however, 98 per
cent were flint. 

The source of these materials is prob
lematical. For example, the fine-grained 
quartzite of a few of the artifacts evi
dently came from an area 75 kilome
ters south-southeast of Meer. There are, 
however, no apparent surface sources of 
flint anywhere in the vicinity of the site 
today. Did such a source exist 9,000 
years ago? Possibly so. At that time the 
level of the North Sea was many meters 
lower than it is now, hence the river 
channels in the area may have been 
deeper and could easily have exposed 
gravel deposits containing an abun
dance of flint. Nodules of flint might 
therefore have been had for the gather
ing in the postglacial period. That such 
was the case is suggested by the fact that 
many of the flint artifacts at the Meer II 
site appear to have been made from flint 
nodules worn by water. 

The stone artifacts at Meer II were not 

all encountered at a single level. Al
though somewhat more than half were 
concentrated in a zone that measures 
only nine centimeters from top to bot
tom, the vertical distance separating the 
artifacts buried the deepest from those 
nearest the surface was in places five 
times greater. Now, it is axiomatic in 
archaeology, as it is in geology, that 
apart from certain obvious exceptions a 
buried stratum is older than a stratum 
lying above it. Thus the broad verti
cal distribution of the Meer II artifacts 
raised a serious question. Did the finds 
represent an assemblage, accumulated 
during a single occupation of the site, 
that had later been dispersed vertically 
by natural processes, such as the tunnel
ing of rodents and the growth of roots? 
Or was the position of the tools, as prin
ciple would suggest, evidence of sever
al successive occupations? The question 
could not be answered solely on the 
basis of field observations. It was here 
that one of the new analytical methods, 
known as refitting, came into play. 

Before explaining the refitting tech
nique and the conclusions to be drawn 
from its application at Meer II it will be 
helpful to describe the kinds of artifacts 
unearthed at the site. Putting aside great 
quantities of waste from the manufac
ture of flint tools (more than 80 percent 
of the material at the site), the most nu
merous artifacts were tools of the kind 
known as burins. They made up more 
than 1.5 percent of the total inventory, 
264 in all. Next most numerous were 
scrapers (a total of 170) and projectile 
points (87). Most of the projectile points 
were of the kind known as Tjonger 
points; they are named after a site that is 
one of a group of late-glacial sites in this 
part of Europe, the Federmesser group. 

Next in order of their abundance were 
8 1  notched pieces, 63 truncated pieces, 
59 microliths and 45 backed blades, 
several of them fragmentary. Fine and 
coarse borers made up most of the bal
ance, along with a few "composite" 
tools, suitable for more than one kind 
of work. A substantial number of flint
tool "blanks" that showed some signs 
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of retouching, 231 in all, could not be 
assigned to any of the foregoing stan
dard categories. 

Even though the Meer II inventory 
included Tjonger points and other tools 
comparable to artifacts of the Feder
messer group of flint industries, the 
Meer II tool assemblage is not what one 
would call classic late glacial in charac
ter. Some of the tools are well made and 
fit neatly into established classic catego
ries, but a large proportion of them do 
not and are therefore difficult to classi-

fy. Furthermore, carbon-14 analysis of 
charcoal samples collected from Meer I 
and Meer II indicated that the age of the 
sites is somewhere between 8,740 and 
8,950 years. This is about at the thresh
old between the postglacial periods 
known as the Pre-Boreal and the Boreal. 

Such a date is rather late for a stone
tool industry related to the Federmes
ser ones; the Federmesser sites are usual
ly reckone.d to be between 10,000 and 
11,000 years old. Nevertheless, there are 
exceptions to this chronological posi-

tion, and in view of the fact that the 
Meer II artifacts were not in any event 
classic we did not find an age of about 
9,000 years for the site either unexpect
ed or troubling. 

A plot was made of the horizontal 
density of the Meer II artifacts based 
on the excavation grid, which was di
vided into one-meter squares. The plot 
revealed large variations; the richer 
squares contained as many as 500 arti
facts and the poorer contained few ar
tifacts or none at all. It also became 

TECHNIQUE OF REFITTING has put together most of a single 
nodule of flint that a hunting band had made into tools early in the 
postglacial period of northwestern Europe. The central "core" and 
some surface parts of the nodule were not recovered. Seen here are 

waste flakes and chips and four of the nine tools made from the nod
ule. Borers, gravers and burins, they were used to make bone artifacts 
at the Belgian site named Meer II. This refitted group was called 
the white-line bloc because the nodule had light-colored streaks in it. 
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evident that there were four separate 
concentrations of artifacts. They dif
fered in size and density as follows. 

Concentration A, an elliptical area 
about seven meters long and three and a 
half meters wide, was in the northwest 
corner of the site. Within the area was a 
relative abundance of tools of all types; 
they numbered about a third of the total 
inventory. Immediately to the east, in a 
satellite area designated A-I, a number 
of small pieces of flint could be identi
fied as burin spalls: fragments knocked 
off in the process of making or resharp
ening burins. The spalls suggest that 
such work was concentrated in the area. 
A second satellite area along the north
west perimeter of the main concentra
tion, designated A-2, yielded a large 
number of scrapers, suggesting the pres
ence of some specialized activity in this 
area too. At the western edge of the con
centration five projectile points were 
found in a group, as if a quiverful of ar
rows had been left there. 

In addition to the stone tools and 
waste flint Concentration A held three 
hearths and a few small and unidentifia
ble bits of bone. It is impossible to tell 
whether the bone fragments represent 
kitchen debris, the waste from making 
bone implements or even the sole sur
viving remains of a human burial. 

Concentration B, less clearly defined 
in shape but roughly three meters in 
diameter, was in the southwest corner 
of the site. It contained no hearth but 
did contain relatively large quantities 
of ocher. Angular flint fragments, other 
bits of flint that had been burned, proba
bly by accident, some flint blades and a 
few projectile points complete the in
ventory at this concentration. 

Concentration C, quite small and 
nearly circular with a diameter of about 
1.5 meters, was close to the center of the 
site. Three "cores," the larger pieces of 
flint from which the tool-manufactur
ing blanks had been struck, were found 
here, along with a large amount of flint 
waste but no other artifacts. It seems 
likely that the concentration was a pri
mary tool-production area. 

Concentration D, smaller than Con
centration A but somewhat similar to 
it in shape and orientation, was at the 
eastern end of the site. Large numbers 
of very small flint flakes, evidently the 
waste from the making and resharpen
ing of tools, were found here. As for 
tools, however, there were only a few 
end scrapers, bur ins, borers and notched 
pieces. 

Such was the picture at Meer II, de
rived by conventional archaeologi

cal methods, that left the excavators 
with a number of unanswered questions. 
What additional interpretations were 
possible that might transform this static 
picture into a dynamic one? Consider 
the questions that called for answers. 
First, although the various carbon-I4 
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found per three-centimeter level in one excavation trench, Most were 
found in a zone three levels deep but many lay above and below it. 
This at first raised doubts about how often the site had been visited. 

dates were consistent with one anoth
er, the artifacts at the site were some
times separated vertically by distances 
as great as 45 centimeters. Second, anal
ysis of the horizontal distribution of ar
tifacts showed the existence of four con
centrations that differed in character. 

Were these concentrations the result of 
a single occupation of the ancient dune? 
Or were they the result of successive un
related visits to the place? We had no 
basis for preferring one conclusion over 
the other. 

so impoverished that no help in interpre
tation could be expected from its analy
sis. The stone artifacts were basically all 
we had to work with. If we were not 
to give up and leave the questions un
answered, this body of evidence would 
have to provide the answers. To find The organic material at Meer II was 
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these answers we had to turn to and im
prove on two novel methods of investi
gation: refitting and microwear analysis. 

One of us (Cahen) conducted the refit
ting study. Refitting means exactly that: 
solving a series of three-dimensional jig
saw puzzles in stone. For example, the 
investigator may begin with a discarded 
flint core and seek out the individual 
tool blanks that were successively struck 
from it and were then either discarded 
or made into tools of various kinds. Or 
he may start with a tool and search for 
the various fragments of flint that were 
removed from it in the process of either 
forming it into a tool or resharpening 
the tool after it was dulled by use. Or, 
sorting through fragments, he may re
assemble all the parts of a single bro
ken tool. 

The refitting process is clearly a de
manding one. Nevertheless, when 

the Meer II refitting program came to an 
end, 18 percent of the artifacts in the 
collection were shown to be interrelat
ed. Moreover, the horizontal distribu
tion of the related flints proved that all 
four concentrations at the site were 
linked. Equally important, it was dem
onstrated that the vertical distribution 

0 

0 

0 0 

of the artifacts was not stratigraphically 
significant. 

For example, the vertical distribution 
of the flint artifacts in one Meer II 
trench ranged from fewer than five in 
the top three-centimeter section to more 
than 80 per section at a depth of be
tween 30 and 33 centimeters. The num
ber then fell away to fewer than 10 per 
section just before the bottom of the arti
fact-bearing deposit was reached. It was 
found that parts of the same broken tool 
could be separated by vertical distances 
ranging from three to 30 centimeters. 

Two examples of the vertical dis
placement are particularly striking. In 
the first one a flint flake found at a depth 
of 45 centimeters was refitted to another 
flake found at a depth of about 12 cen
timeters. A fittable fragment from the 
second flake lay a few centimeters low
er in the trench and a fittable fragment 
from the first flake was found only three 
centimeters below the top section. In the 
second example a total of 17 flints could 
be refitted; three came from depths of 
less than 12 centimeters and five were 
found at depths of more than 30 cen
timeters [see bottom illustration on pre
ceding page]. The complexity of these 
refitting sequences, together with the 
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0 0 

°0 
0 

0 0 

0 
0 () 

fact that in many instances the refitted 
pieces were small, unusable fragments, 
disposes of a possibility, namely that the 
matches are the result of later visitors' 
scavenging and reworking flints left be
hind by earlier occupants of the site. 

Hence the refitting analysis eliminates 
any concern that the vertical distribu
tion of the Meer II artifacts might be 
due to events occurring over an extend
ed period of time. What about the hori
zontal distribution? Let us answer by de
scribing what has been learned from 
refitting a group of tools and waste ma
terials that all came from a single nodule 
of flint. Because the nodule had light
colored areas the group is known as the 
white-line bloc. Although the waste core 
and a few flakes from the surface of 
the nodule are missing, the rest of it has 
been pieced together [see illustration Oil 
page 49]. 

The refitting study shows that all the 
blanks removed from the white-line 
core for toolmaking purposes were 
struck off in Concentration D. Several of 
the blanks were made into tools, used 
and discarded in that area, but five of 
them were brought from Concentration 
D to A-I, the satellite area adjacent to 
Concentration A. either in the form of 

o 

0 

METERS 
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EXCAVATION AT MEER II covered an area measuring a maxi
mum of 24 meters on the long axis and a maximum of 15 meters on 
the short axis; the long axis was oriented northeast-southwest. The 
irregular boundary of the southwestern end of the excavation is the 
edge of the commercial sand-digging operations. A horizontal survey 
of the distribution of the artifacts revealed two major concentrations, 

A and D, one at each end of the excavated area, and two smaller con
centrations, Band C, to the south of the long axis. Concentration A, 
the largest, included two satellite areas, A-Ion the southeast perime
ter and A-2 on the northwest perimeter; it also included three hearths 
(color). Further evidences of fire (color) were uncovered elsewhere 
in the excavation, but the only other hearth was in Concentration D. 
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blanks or already made into tools. For 
example, one flint fragment knocked 
off in the resharpening of a burin was 
found in Concentration D. The frag
ment showed traces of wear. Refitting 
matched it to a burin found in the satel
lite area A-l. The burin had been used 
there and resharpened. 

The artifacts of the white-line bloc ev
idently represent a set of tools manufac
tured in a single episode that began at 
Concentration D and was later complet
ed in the satellite area, A-l. The horizon
tal distribution of the white-line compo
nents demonstrates that the two places 
of work were linked and therefore were 
contemporaneous. It should be added 
that refitting has assembled several simi
lar sets of tools, most of them found in 
Concentration D. 

Asummary of what can be concluded 
from the refitting analyses can be 

presented for each of the concentrations 
as follows. 

Concentration D. Of a total of 1,464 
artifacts found here nearly a third have 
been refitted. The fraction is much high
er than it is in the other three concentra
tions, where on the average fewer than a 
fifth of the artifacts have been refitted. 
The greater success of the refitting can 
be attributed mainly to the special char
acter of the activities in Concentration 
D. where many tools were made, used 
and abandoned in the same place. 

In any event, of the 104 tools in Con
centration D that showed signs of modi
fication or resharpening, 93 have been 
refitted. In many instances the refitting 
only involved finding small retouching 
flakes and replacing them on the tool. In 
other instances, however, it has been 
possible to fit together the tools them
selves and sometimes to fit groups of 
tools to the core from which they were 
struck. The majority of these instances 
indicate not only that the tools were 
fashioned in Concentration D but also 
that the blank from which the tool was 
made had been struck off its core there. 

This point may not seem to be im
portant, but it rules out any argument 
that Concentration D was merely a rub
bish dump where worn-out tools, unused 
blanks and waste flint were discarded. 
For example, it would be difficult to ex
plain how the tools, the waste from their 
preparation and even the tiniest of flint 
flakes detached in the course of retouch
ing and resharpening were found togeth
er unless Concentration D had been a 
working area where the tools were pre
pared and used. 

Concentration A. This large area and 
its satellite area, A-t, appear to have had 
a preferential relation to Concentration 
D. For example, blanks and tools pre
pared in Concentration D. including the 
artifacts of the white-line bloc, were car
ried to the satellite area. The numerous 
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KINDS OF FLINT TOOLS found at Meer II are arrayed in the order of their relative abun
dance. The commonest was the kind known as a burin (a); 264 were found. Next commonest 
was the end scraper (b); 170 were found. Projectile points followed; they were of three types: 
Tjonger points (c), microliths (d) and backed blades (e). Although other kinds of tools were also 
found, these and two others, small borers (/) and heavy-duty borers (g), make up tbe majority. 

associations between the two concentra
tions and the similarity of the activities 
in them even imply that the same crafts
men worked in both locations. 

Another aspect of the activities in 
Concentration A combines convention
al archaeological typology with refitting 
analysis. The inventory of tools in Con
centration A includes Tjonger projectile 
points, microliths and backed blades. 

The last two can also be classified as 
projectile points differing from Tjonger 
points. Most of the refitting done here 
consisted in associating resharpening 
flakes with various resharpened tools; 
few tools have been refitted with one 
another and few groups of tools have 
been refitted with cores. Moreover, al
though most of the projectile points are 
fragmentary, an intensive search for 

53 

© 1980 SCIENTIFIC AMERICAN, INC



the missing parts has been unsuccessful 
even though fits between fragments of 
the same tool are among the easiest to 
recognize. 

The refitting studies nonetheless indi
cate that projectile points were manu
factured in Concentration A. This leads 
to the conclusion that one activity here 
was the mounting of new points on 
projectile shafts whose old points had 
been damaged. The discarded fragmen
tary points evidently lack matching frag
ments because these fragments had been 
left in the field when the points were 
broken during the hunt. 

Concentration C. The pattern here is 
more complex and difficult to interpret 
than the pattern of Concentration D. 
Some links with other concentrations, 
however, are evident. First, worn-out 
tools and one depleted core that had 
been utilized in Concentration D were 

a 

d 

found here. Second, cores depleted by 
the manufacture of blanks in Concen
tration Cwere found in Concentration A 
and its satellite area, A-I. If Concentra
tion C was an area of specialized activ
ity, the work done there was probably 
the production of flint blanks for manu
facture into tools somewhere else. The 
refitting study suggests that the some
where else was outside the excavated 
area of Meer II. 

Concentration B. In some respects 
this concentration presents a much 
clearer pattern than the one in Concen
tration C, because here hardly any rela
tions can be established with the other 
three concentrations. The refitting study 
disclosed only three instances. One bu
rin, first used in Concentration A, where 
a fragment was left behind, was used 
later near Concentration C, where one 
more fragment was found. The worn 

b 

e 

TOOLS OF THE WHITE-LINE BLOC include these five, four of which can be seen in the 
photograph on page 49. Tool a is a burin found in Concentration D; in the photograph it is at 
the far right, bearing the specimen number XXIII 672. Tool b is a burin used for fine bone en
graving, found in Area A-I; in the photograph it is at the right edge of the group at the left, 
marked XXV 233. Of the two flakes refitted here (top) the one at the center was found in Con
centration D and the one at the left was found in Area A-I. This shows that the burin was 
made and used in Concentration D and later brought to Area A-I, where it was used, resharp
ened and finally abandoned. Tool c is a borer used for delicate work on bone, found in Area 
A-I; in the photograph it is near the center of the group at the right, marked XXV 173. Tool d 
is another borer for delicate work on bone, found in Concentration D; in the photograph it is at 
the lower left of the group at the right, with the specimen number XXIII 669 only partly visi
ble. Tool e from the white-line bloc is not visible in the photograph. It is a graver used for 
delicate work on bone, found in Area A-I. The refitted flake (top) was also found in Area A-I. 
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remnant of this burin was found in Con
centration B. The second interrelation 
involves a fragment of a burned flint 
flake from Concentration D; a similar 
burned fragment from Concentration B 
fits it. Still another flint flake from Con
centration B fits a flake found in Con
centration A. Because Concentration B 
also lies away from the main axis of 
Meer II and contains no hearth but does 
contain a great deal of burned flint, one 
is led to the conclusion that it was a 
dump area, related not to the other 
Meer II concentrations but to areas to 
the west that have now disappeared as a 
result of commercial sand digging. 

The refitting analysis shows how dan
gerously static a picture of a site and 
its activities can be given by a standard 
typological inventory of artifacts. The 
analysis proved not only that many of 
the Meer II tools were made in one place 
and then used and often resharpened 
somewhere else but also that they might 
eventually end up in still a third place. 
Furthermore, during its useful life one 
flint artifact could evolve from one type 
into another. Only a study of the dynam
ics of a stone-tool industry can lead to 
an accurate interpretation of the activi
ties at a site. 

Aunique contribution to these inter
pretations at Meer II was made by 

the second new research method: micro
wear analysis. This analytical technique 
requires examination of the working 
edges and points of the flint tools at high 
magnification. Laboratory tests have 
shown that flint tools develop differ
ent characteristic polishes when they are 
used to work different materials such as 
wood, hide, bone and antler [see "The 
Functions of Paleolithic Flint Tools," 
by Lawrence H. Keeley; SCIENTIFIC 
AMERICAN, November, 1977]. 

An example of what microwear stud
ies can accomplish is related to the re
markable refitting from Concentration 
D: the artifacts of the white-line bloc. As 
one of us (Keeley) found, all but one of 
the 10 tools and tool fragments belong
ing to the white-line bloc were used to 
engrave or to bore bone. (The exception 
is an end scraper, and it was used to 
scrape bone.) Moreover, the white-line 
tools used at Concentration D were 
mainly heavy-duty ones, possibly de
voted to roughing out bone tools for 
finer work. For example, one of the bor
ers was used to drill holes as large as 
10 millimeters in diameter and depth, 
and one of the burins was used to cut 
grooves some five millimeters wide and 
five millimeters deep. The end scraper 
had also seen vigorous service. In con
trast, the white-line tools that were 
carried from Concentration D to Con
centration A were largely used for fine 
work. Three bur ins served for cutting 
grooves no more than two millimeters 
deep and the single borer served for 
drilling holes of similar dimensions. 
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Such fine tolerances suggest that the 
work on bone being done with these 
tools was finishing and decorating. 

As we have seen, other tools from 
Concentration D have been refitted. 
Most of them are burins and borers, 
and microwear analysis shows that they 
served almost exclusively for work on 
bone or antler. One such group included 
three bone borers. All of them had done 
their work while being twisted in a coun
terclockwise direction. Almost all the 
other Meer II borers were turned clock
wise. It can therefore be concluded that 
more than one craftsman worked in 
Concentration D and that one of them 
was probably left-handed. 

A total of 29 end scrapers were found 
in the satellite area A-2, and more than 
half of them have been refitted. We 
found that nine of the scrapers were 
made from blanks struck from a single 
core. Microwear analysis shows that all 
29 of these tools were used to scrape dry 
hide. This part of Concentration A can 
therefore be identified without doubt as 
an area used largely, although not exclu
sively, for hide preparation. Wear anal
ysis of other tools here and elsewhere in 
Concentration A indicates a wide range 
of activities: working bone, antler and 
wood, splitting canes and cutting meat 
and soft plant materials. 

To sum up, our analyses show that 
Meer II holds the remains of a sin

gle period of occupation and that the oc
cupation dates back about 8,900 years. 
Concentration D was an area where flint 
tools were prepared for work on bone 
and antler. At least two craftsmen 
worked there, and one of them was 
probably left-handed. Another of the 
craftsmen, who was probably right
handed, carried tools and blanks from 
Concentration D to the satellite area 
A-I in Concentration A. There the flints 
from Concentration D were used pri
marily for fine work on bone. 

Concentration C was at least in part 
an area where flint blanks were struck 
from cores. Very few of the blanks were 
retouched into tools in the area, but that 
work may have been done elsewhere. 
Concentration B is eccentric in many re
spects. It appears to be a refuse area re
lated to a part of the Meer II site that 
was destroyed by modern sand digging. 

Concentration A and its satellites A-I 
and A-2 correspond in every respect to 
a domestic unit or habitation. One may 
cite in support of this conclusion the va
riety of the flint artifacts found here, the 
wide range of activities indicated by 
microwear analysis and the specialized 
tasks undertaken, such as hide prepara
tion in Area A-2 and fine work in bone in 
Area A-I. Finally, Concentration A is 
the hub of the network of refitted pieces 
at Meer II and holds the largest and 
densest assemblage of artifacts. 

The reader might now recall that 
Meer II was a featureless site, that the 

REFITTING STUDY demonstrated relations among the four concentrations of artifacts at 
Meer II. Diagrammed here are seven such relations (colored numerals). First, at the far left, a 
core was produced in Concentration A, transported to the periphery of Concentration D, at 
the far right, and then discarded. Second, eight artifacts (a core, three blanks and four tools) 
were transported from Concentration D to Concentration A. Third, four artifacts (a core and 
three rejected tools) that had been used in Concentration D were discarded in the vicinity of 
Concentration C; they may have been thrown there by a worker in Concentration D. Fourth, 
one tool moved in two steps, traced by the bent arrow. One flake from the tool was found in the 
satellite area A-I; a part of an intermediate stage in the manufacture of the tool was found 
on the periphery of Concentration C; the tool in its final form was found in Concentration B. 
Fifth, two cores that had been used to produce flint blanks in Concentration C were transported 
to Concentration A. Sixth, a blank from a core in Concentration A was found in Concentration 
B. Seventh, parts of the same artifact were found in Concentration B and Concentration D. 

very few organic remains found there 
were uninformative and that the ar
chaeological record consisted essential
ly of a diffuse scattering of pieces of 
flint. By careful excavation, refitting 
analysis and microwear analysis we 
have nonetheless been able to extract a 

substantial amount of information from 
the site. The results from Meer II make 
it clear that even a site that is poor in 
terms of the traditional kind of archae
ological evidence has much potential 
for yielding information about human 
activities in the distant past. 

TRAFFIC AREA 
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MICRO WEAR STUDY of Meer II tools demonstrated that different activities were pursued 
at different locations. For example, the patterns of weill: on some tools found in Concentration 
D indicate that preliminary work on bone and antler was done in that area, and the patterns of 
wear on some burins and borers in the satellite area A-I indicate that finishing work on the 
same materials was done there. Wear patterns of 29 end scrapers found in the satellite area A-
2 indicate all were used to scrape dry hides. The wear patterns of other tools in Concentration 
A show they were used to work wood, to split cane and to cut meat and soft plant materials. 
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Sudden Infant Death 

For many years this phenomenon, ln which an apparently healthy baby 

dies quite unexpectedly, was mystifying to physicians. New evidence 

points in a majority of the cases to abnormalities in respiratory control 

One of the most devastating things 
that can happen to parents is to 
lose a baby to the "sudden-in

fant-death syndrome," where an infant 
who had seemed to be in good health is 
found dead in its crib. The phenomenon, 
which is also known by its initials SIDS 
(pronounced as letters rather than as a 
word), is defined clinically as the sud
den, unexpected death of an apparently 
healthy infant for whom a routine au
topsy fails to identify the cause of death. 
It is often called crib death or cot death, 
since it usually happens while the baby 
is sleeping. In the U.S. it kills about 
7,000 infants per year, or about one out 
of every 500 babies born, making it the 
most frequent cause of death between 
the ages of. one month and one year. 
It is also a common cause of death in 
many other countries. For years it has 
been almost totally mystifying to physi
cians. Now, however, as a result of an 
intense interdisciplinary effort over the 
past eight years, several promising clues 
to the syndrome have been obtained. 
They hold out the hope that potential 
victims can eventually be identified and 
that steps can be taken to save them. 

Ideas about the causes of the deaths 
are abundant. Most of them have as
sumed that death is due to a sudden, 
catastrophic event affecting an other
wise normal infant. Until 1972 the most 
widely held hypothesis attributed the 
deaths to an abrupt closure of the upper 
airway that occurred without prelimi
nary symptoms. Three types of evidence 
were cited to support the argument. In
flammation and ulcerations found on 
the vocal cords of some victims were 
taken as evidence that the cords had sud
denly closed, cutting off the flow of air 
to the lungs. (In recent years such signs 
have been found to be as frequent in 
babies who die of known causes as in 
victims of the sudden-death syndrome.) 
Petechiae, or small hemorrhages, have 
long been noted on the surfaces of the 
lungs and other organs in the chest of 
more than half of the victims of the syn
drome. (Before 1972 the petechiae were 
assumed to be the result of strong nega-
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tive intrathoracic pressure developed 
when the infant strained to overcome 
an obstruction of the airway. Recent 
studies by Warren G. Guntheroth of 
the University of Washington School of 
Medicine have shown that an obstruc
tion of the airway will not by itself pro
duce petechiae.) The third abnormality 
commonly recognized before 1972 was 
fluid in the pulmonary air spaces. (This 
finding is of uncertain significance be
cause it is not specific for sudden infant 
death; moreover, it can develop after 
death if there is a long interval between 
death and autopsy.) 

F
or many years the sudden-infant

death syndrome aroused little inter
est in the medical community. Research 
on the syndrome had a minimal appeal 
for investigators because the diagnosis 
could be made only after death, a sit
uation that rendered useless many of 
the tools of modern medical investiga
tion requiring living subjects. In addi
tion most investigators had never seen 
the syndrome or its consequences be
cause the cases were handled by the po
lice, coroners and medical examiners. 

The period of neglect ended when two 
nationally organized groups of parents 
who had lost babies to the syndrome 
brought pressure on the U.S. Public 
Health Service (through Congress) to 
encourage research on the phenomenon. 
In 1972 Eileen G. Hasselmeyer of the 
National Institute of Child Health and 
Human Development organized semi
nars aimed at recruiting workers from 
several disciplines to investigate the syn
drome. As a result physiologists, pedi
atricians, behavioral scientists, immu
nologists, biochemists and pathologists 
who had shown no previous interest in 
sudden infant death were stimulated to 
begin work on the syndrome. 

Epidemiological investigations made 
before 1972 had revealed some unusu
al features of the syndrome that are not 
easily explained by a sudden closure 
of the airway or by most of the oth
er notions about sudden infant death 
that were entertained before 1972. The 

deaths have a distinctive age distribu
tion. They do not take place in the peri
od shortly after birth, appearing first 
among babies who are two or three 
weeks old, reaching a peak at three 
months of age and then decreasing in 
frequency until they become rare after 
the first year of life. Most of the hypoth
eses advanced before 1972 also failed 
to explain why most of the victims die 
while they are asleep. 

Several of the workers who were re
cruited in 1972 raised the possibility 
that the deaths were the result of an 
abnormality in the mechanism control
ling some life-sustaining system. Atten
tion promptly turned to respiration be
cause Alfred Steinschneider, working at 
the Upstate Medical Center of the State 
University of New York at Syracuse, 
had just reported prolonged periods of 
apnea (arrested breathing) during sleep 
in several infants who became victims of 
the syndrome. He postulated that the 
babies had died during an apneic epi
sode. His idea was promptly named the 
apnea hypothesis. 

Elliot D. Weitzman of Montefiore 
Hospital and Medical Center in New 
York and others pointed out that the 
apnea of sleep described by Steinschnei
der resembles a condition in adults who 
have chronic abnormalities in the con
trol of respiration. Such adults char
acteristically underventilate their lungs 
during sleep. It seemed possible that 
victims of sudden infant death might 
do the same. 

Working at the Milton S. Hershey 
Medical Center of Pennsylvania State 
University, I recognized that underven
tilation of this kind would leave ana
tomical markers. With the aid of Russell 
S. Fisher, the chief medical examiner of 
Maryland, an investigation was begun 
to see whether the victims of sudden in
fant death have such markers. We soon 
found that about 60 percent of the vic
tims have an abnormal increase of mus
cle in the small pulmonary arteries. We 
postulated that the increase is caused by 
a chronic underventilation of the lungs. 
Underventilation reduces the level of 
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BROWN FAT is retained for an abnormally long time in many ba
bies who die of the sudden-infant-death syndrome. At the left is a mi
crograph (enlarged 1,500 diameters) of cells from a baby who died of 

, 

NORMAL FAT CELLS appear in the micrograph at the left and are 
diagrammed at the right. The cells in the micrograph are from a baby 
who died in an accident at the age of four months. Most of the mito-

'-"'!';-

FAT VACUOLE MITOCHONDRIA 

the syndrome at the age of four months. The round cells contain webs 
of mitochondria surrounding small vacuoles of fat, as diagrammed 
at the right. The mitochondria give brown fat its typical appearance. 

FAT VACUOLE 

chondria have disappeared. Their retention in many sudden-death 
babies is thought to be caused by bypoxemia (insufficient oxygen in 
the blood), a result of chronic underventilation of the lungs in sleep. 
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INFANT DEATHS in the U.S. from the sudden-infant-death syndrome (colored curve) and 
all other causes (broken black curve) are charted. Solid black curve shows total number of 
deatbs between the ages of 10 weeks and 12 months. The syndrome is the most frequent cause 
of death between the ages of one month and one year, and at one age it exceeds all other causes. 
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MUSCLE INCREASE in the pulmonary arteries is a frequent postmortem finding in victims 
of the sudden-death syndrome. The abnormality is reflected in this chart showing the amount 
of pulmonary-artery muscle in several sudden-death infants (color) and in controls (black), in
fants who had died of other causes. The increase is thought to be caused by a chronic underven
tilation of the lungs, which makes the arteries constrict chronically and develop extra muscle. 
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oxygen in the air spaces of the'lungs, 
causing nearby arteries to constrict. 
When a chronic underventilation pro
longs the constriction, the number of 
muscle cells in the walls of the arteries 
increases (the condition known as hy
perplasia). Hyperplasia increases the re
sistance of the vascular system to the 
flow of blood through the lungs, which 
in turn forces the pressure to rise in the 
right ventricle of the heart. The heart 
responds like the pulmonary arteries by 
increasing the amount of muscle in the 
right ventricular wall. The abnormali
ties of both the pulmonary arteries and 
the heart were overlooked in cases of 
sudden infant death for many years be
cause the quantitative studies required 
to recognize them are not part of routine 
postmortem examinations. 

The underventilation that reduces the 
level of oxygen in the pulmonary air 

spaces also lowers the level of oxygen 
in the arterial blood that circulates 
through the rest of the body. This defi
ciency of oxygen in the blood is termed 
hypoxemia. Its consequences are found 
in more than half of the victims of the 
sudden-infant-death syndrome. 

The first of the consequences to be 
discovered was an abnormal retention 
of brown fat. Brown fat surrounds cer
tain vital internal organs at birth and is 
specially adapted for the generation of 
heat. What gives brown fat its character
istic appearance under the microscope is 
an abundance in the fat cells of the intra
cellular particles known as mitochon
dria. Most of the mitochondria are nor
mally lost during the first year of life, 
after which the cells lose their brown 
color and their distinctive microscopic 
appearance. 

In infants who are chronically hypox
emic after birth these fat cells retain 
their mitochondria and brown color. 
The condition is present in about half 
of the victims of the sudden-death syn
drome, which suggests that the babies 
had long periods of hypoxemia before 
death. Most victims of the syndrome 
also have an abnormal increase in the 
specialized adrenal-gland tissue that 
makes adrenalin (epinephrine). An in
crease in the release of epinephrine from 
the adrenal gland may explain the reten
tion of brown fat in babies who die of 
the syndrome, since brown fat usually 
reappears in adults who have a high lev
el of epinephrine in the blood as a result 
of an adrenal tumor. 

Further signs of chronic hypoxemia 
in sudden-death babies include the pro
duction of red blood cells by the liver 
and an increase in the production of red 
cells in the bone marrow. (Normally the 
liver does not make red cells after the 
first week of life.) These effects presum
ably arise because hypoxemia causes 
the kidneys to release the hormone 
erythropoietin, which stimulates the 
manufacture of red cells. 
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ANOMALY OF RED-BLOOD-CELL PRODUCTION appears in 
some babies who die suddenly and unexpectedly. The elliptical area 
slightly to the left of center in the micrograph at the left shows pre
cursors of red blood cells in the liver of a four-month-old victim of 
the sudden-death syndrome. Normally the liver does not make red 
blood cells after the first week of life. The micrograph at the right 

shows a section of the liver of a child of the same age who died of oth
er causes. The liver shows no precursors of red blood cells. The bone 
marrow also increases its prodUction of red blood cells in many sud
den-death babies. The abnormalities probably arise because the defi
ciency of oxygen in the blood causes the kidneys to release the hor
mone erythropoietin, which stimulates the manufacture of red cells. 

The victims of the sudden-death syn
drome are not abnormally small at 
birth, but they often lag in growth after 
birth. The growth pattern of their organs 
resembles the one seen in experimental 
animals that are maintained in a low
oxygen environment after birth. It does 
not at all resemble the growth pattern 
resulting from undernutrition. Still an
other sign of hypoxemia in about half of 
the babies is an increased level of the 
adrenal hormone cortisol; the level nor
mally rises in response to hypoxemia 
and other forms of stress. 

W
ith so many signs of underventila
tion before death in these babies, 

one is moved to look for a reason. There 
is evidence to indicate that the under
ventilation is the result of abnormalities 
in the mechanisms that control respira
tion. Prolonged episodes of apnea dur
ing sleep in babies that later fell vic
tim to the sudden-death syndrome have 
been observed not only by Steinschnei
der but also by Daniel C. Shannon and 
Dorothy H. Kelly of Children'S Hospi
tal in Boston, who also observed chronic 
underventilation and blunted respirato
ry responses to increased levels of in
haled carbon dioxide in the infants. This 
evidence suggests that the babies had 
abnormalities in the control centers of 
the brain stem that normally respond 

to accumulations of carbon dioxide by 
increasing the frequency and depth of 
breathing. 

Reasons have recently been found for 
the sudden-death phenomenon's being 
more frequent in the first months of life. 
David Read in Sydney, Australia, and 
Charles Bryan and Elliott A. Phillipson 
of the University of Toronto School of 
Medicine have shown that in the first 
months certain mechanisms of respira
tory control operate differently from the 
way they do later in life. In babies who 
are from one month to six months old 
the lungs partly collapse in the phase of 
sleep when the eyes move rapidly under 
the eyelids, because in this phase the in
tercostal muscles that move the chest 
stop functioning. If the diaphragm also 
stops moving so that respiration is in
terrupted during rapid-eye-movement 
sleep, little residual air remains in the 
lungs to continue the normal exchange 
of oxygen and carbon dioxide. The re
sult is hypoxemia within a few seconds. 
An adult, in contrast, can stop breathing 
for from 30 to 40 seconds without devel
oping severe hypoxemia. 

When breathing slows down or stops, 
the reflexes that augment it or restart 
it in older children are notably less ac
tive in young infants. The survival of 
these infants therefore depends on a re
flex arousal out of rapid-eye-movement 

sleep and a switching on of the brain
stem mechanisms that restart breathing. 
The carotid body, a small organ in the 
neck, has an important role in both func
tions. Our group found in 1976 that 
more than half of the victims of the sud
den-infant-death syndrome had an un
derdeveloped carotid body. If this organ 
is not functioning normally, the infant 
may not be able to restart its breathing 
during a prolonged episode of apnea. 
Sudden-death babies who have these un
derdeveloped carotid bodies also show 
at postmortem examination the signs 
of chronic underventilation and hypox
emia I have described. 

Why is the carotid body underdevel
oped in so many victims of the syn
drome? One possibility is a lack of stim
ulation by nerve impulses coming to 
the carotid from the respiratory-control 
centers in the brain stem. It might then 
be asked if those centers are structurally 
normal. Detailed anatomical studies of 
them have not yet been made because 
the centers are both structurally com
plex and closely associated with other 
centers that control other vital func
tions. Any abnormalities that may even
tually be found in the respiratory-con
trol centers are likely to be subtle, be
cause an infant with severe abnormali
ties there would not survive after birth. 

Our group at the Hershey Center 
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found in 1976 that about half of the 
sudden-death infants have an abnormal 
proliferation of astroglial fibers in the 
lateral reticular formation of the brain 
stem. This formation is a key center for 
respiratory control, so that it would be 
tempting to interpret the astroglial pro
liferation as evidence of damage to res
piratory-control mechanisms. The in
terpretation would be inappropriate 
because many other areas of the brain 
stem also exhibit the condition in vic
tims of the syndrome. Moreover, the 
condition can be produced by chronic 
hypoxemia. Sachio Takashima and his 
associates at the Hospital for Sick Chil
dren in Toronto have recently found 
that astroglial proliferation is greatest 
in sudden-death babies in the areas of 
the brain where the blood supply is 
the poorest. The finding strengthens the 
view that the astroglial proliferation is 
the result of hypoxemic injury. 

John Emery and his associates in 
Sheffield, England, have observed that 
about half of the sudden-death victims 
they have investigated have scavenger 
cells laden with fat in the spinal fluid. 
The fat appears to be derived from bro
ken-down brain tissue. Hypoxemia may 
be the cause of this breakdown. 

John Olsson in our laboratory recent
ly found that the brain-stem area con
trolling the tongue has a significant de
ficiency of neurons, or nerve cells, 
in many sudden-death infants. Among 
adults there is a syndrome, character
ized by apnea, in which the tongue falls 
back and obstructs the upper airway 
during sleep. It remains to be seen 
whether the tongue participates in the 
obstruction of the airway that develops 
at the end of occasional apneic episodes 

, 

in a few infants who are prone to apnea. 
The brain-stem centers that control 

respiration are very close to structures 
that control other body functions, and 
so any defect impairing the respiratory
control mechanisms might also affect 
those other functions. Nonrespiratory 
impairments are found in some of the 
babies who die of the sudden-death syn
drome. The impairments include abnor
malities in temperature regulation, feed
ing, muscle tone and neurological re
flexes starting soon after birth. Some 
parents of sudden-death babies have re
ported that their infant had an abnormal 
cry from the time of birth. Recordings 
of several such cries confirm their ab
normal character. Apart from Olsson's 
work little effort has been made to cor
relate the various nonrespiratory find
ings in sudden-death infants with specif
ic lesions of the brain. 

From interviews we have had with 
parents it seems that the majority of sud
den-death babies had less intense reac
tions to various environmental stimuli 
than their surviving siblings had at the 
same age. These behavioral characteris
tics were most evident in the sudden
death victims who had an abnormal in
crease of muscle in the pulmonary ar
teries and the other postmortem signs 
of chronic pulmonary underventilation 
and hypoxemia. The finding raises the 
possibility that the behavioral pattern is 
the result of subtle brain damage caused 
by hypoxemia. Evidence for such dam
age has emerged from a preliminary 
study in our laboratory that found a de
lay in the myelination of two areas of 
the brain stem in sudden-death victims. 
Myelin is the fatty insulation that en
ables electrical impulses to travel along 

-

,. � ... .... 

UNDERDEVELOPED CAROTID BODY is anotber common finding in sudden-deatb in
fants. Sucb a body, tbe rougbly circular structure tbat takes up most of tbis micrograpb, is 
sbown enlarged 420 diameters. A normal carotid body pictured at tbe same scale would be 
mucb larger. Carotid bodies, one on eacb side of tbe neck, are involved in control of breatbing. 
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nerve fibers. Any delay in myelination 
might delay the maturation of certain 
brain functions. 

Several investigators have suggested 
that the behavioral pattern might be due 
to a deficiency in the levels of the ne uro
transmitters mediating the conduction 
of impulses from one neuron to anoth
er. John D. Connor, a pharmacologist 
at our institution, has measured the lev
els of the neurotransmitters norepineph
rine, serotonin and dopamine in various 
areas of the brain of sudden-death ba
bies. No deficiencies were found when 
those levels were compared with the lev
els in infants who had died in accidents. 

I
f the primary abnormalities responsi
ble for sudden infant death are often 

in the brain stem or the carotid body, 
when are those organs first damaged? 
Some of the dysfunctions observed in 
babies who die of the syndrome are rec
ognized in the period shortly after birth. 
The primary injury or defects could 
therefore be genetic or they could result 
from damage sustained during pregnan
cy, labor or delivery. The data we have 
collected in a large survey show no ev
idence that sudden-death babies had 
more oxygen deprivation, damage from 
anesthetic agents or trauma before or 
during delivery than babies who did 
not die. The finding raises the possibili
ty that some of the abnormalities of the 
brain in victims of the syndrome are ge
netic in origin or that the primary dam
age occurs in the fetal period. The sud
den-infant-death syndrome rarely runs 
in families, however, and published in
vestigations have failed to find abnor
mal ventilatory control in the families 
of the victims. 

One can cite other evidence that the 
syndrome is usually an acquired rather 
than a genetic disorder. Donald R. Pe
terson of the University of Washington 
School of Medicine has found that the 
rate of incidence of sudden infant death 
among first cousins is no higher than it is 
in the community as a whole. He also 
reports that if one twin dies of the syn
drome, the chance that the other will die 
of it is only from 5 to 8 percent, regard
less of whether the twins are identical or 
fraternal. The low rate of concordance 
means that a genetic origin for most cas
es of the syndrome is quite unlikely. 

Although the concordance rate among 
twins is much too low to support a ge
netic hypothesis, it is many times high
er than the incidence of the syndrome 
in the population as a whole. It may 
therefore be that if both twins die, they 
perhaps shared a predisposing environ
ment. With data from our survey we re
cently identified six factors that appear 
to have an independent relation to sud
den infant death. One factor has a genet
ic character and four are related to preg
nancy. The genetic factor is infant blood 
type B. The factors related to pregnancy 
are (1) a bacterial infection of the amni-
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otic fluid, (2) anemia in the mother and 
(3) the use by the mother of cigarettes 
or (4) barbiturates. The sixth factor is 
crowded housing. 

Four of the six factors have been 
shown to either damage the fetus or 
place it at increased risk of damage. In
fections of the amniotic fluid directly or 
indirectly cause brain damage in some 
infants. Smoking by the mother reduces 
the flow of blood to the placenta and 
retards the growth of the fetus. Barbitu
rates are known to selectively retard the 
growth of the brain in newborn rats. Se
vere anemia in the mother during her 
pregnancy is associated with excessive 
deaths among fetuses and newborn in
fants. Infant blood group B is a high-risk 
factor for stillbirth and for death shortly 
after birth in a number of disorders un
related to the sudden-infant-death syn
drome. Peterson has found that the syn
drome has a particularly high frequency 
in the offspring of mothers who have 
had more than one pregnancy. The 
specific environmental factor that is re
sponsible remains to be determined. 

Many other factors associated with 
the syndrome appear to lose their high 
risk in the absence of an infection of the 
amniotic fluid. They include preterm de
livery, the fact that the infant is male or 
nonwhite, low family income and situa
tions where the mother is poorly educat
ed, makes few visits for prenatal care or 
has a history of losing fetuses. 

In our study all the excess sudden 
deaths related to crowded housing were 
babies who were shown at autopsy to 
have had a mild infection of the respira
tory tract. Several studies have found 
that infections of the respiratory tract 
increase the frequency and duration of 
apneic spells in infants who are prone to 
apnea. 

Even if all six of the factors we have 
identified contribute to the genesis of 
sudden infant death, they explain only 
about a third of the deaths. Their great
est significance may be their indication 
that fetal life is a fruitful area in which 
to continue the search for the origins of 
the syndrome. It is worth noting that the 
brain stem is a particularly vulnerable 
target for damage during fetal life be
cause it has a higher metabolic rate than 
other areas of the brain have. Specifical
ly, the brain stem is vulnerable to dam
age by low levels of both oxygen and 
glucose in the blood. 

Although Steinschneider's apnea hy
£\. pothesis has a substantial amount 
of supporting evidence, it will not easily 
explain all the sudden infant deaths. At 
least a third of the victims have none of 
the postmortem signs that suggest un
derventilation of the lungs or chronic 
hypoxemia before death. Hundreds of 
hypotheses have been offered to explain 
these remaining deaths, often with no 
supporting data or with only fragmen
tary evidence and no follow-up studies. 

HEART 

ANATOMICAL SETTING OF CAROTID BODIES is represented schematically. The carot
id abnormality often found in sudden-death babies has led to efforts to see if the respiratory
control centers in the brain are structurally abnormal. The efforts have been impeded by the 
fact that the centers are closely associated with other centers controlling other functions. 

In spite of the confusion clues have 
been found for several nonrespiratory 
mechanisms in sudden infant deaths. 
Bradycardia (an abnormally low heart 
rate) and serious disturbances of the 
heart rhythm have occasionally been 
observed during episodes of apnea in 
sleeping infants. The findings have en
couraged speculation that sudden cardi
ac arrhythmia, with or without apnea, 
may cause death in some cases. The hy
pothesis is plausible, but the investiga
tors working on it have been greatly 
handicapped by their inability to study 
the victims before death. Searches for 
cardiac abnormalities in the families of 
sudden-death babies have been incon
clusive. 

From 5 to 10 percent of the deaths 
attributed to the syndrome without cor
roboration by autopsy .are in fact due 
to other identifiable causes, including 
meningitis, other fulminating infections, 
homicide and accidental strangulation 
in an improperly designed crib. Manu
facturers have changed their crib de-

signs, so that deaths caused by acciden
tal strangulation should eventually dis
appear. Various studies have shown that 
even newborn infants remove blankets 
loosely placed over their face, so that 
suffocation from bedding is not a plausi
ble cause of a sudden infant death even 
though anguished parents often think it 
may have been. 

Sudden infant death appears to be 
more frequent when the mother has 
received methadone in the course of 
treatment for addiction to heroin. These 
deaths could be caused by other risk fac
tors for sudden infant death, such as an 
infection of the amniotic fluid, but it is 
possible that methadone itself plays a 
role. After a single dose of methadone 
the mother underventilates her lungs for 
as long as 24 hours, and babies born 
to such mothers have a subnormal re
sponse to stimuli that normally increase 
ventilation. 

In some young experimental animals 
the stimulation of the larynx and the ar
eas around it by various fluids leads to 
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an interruption of the heartbeat and of 
breathing. It is therefore possible that a 
regurgitation of fluid from the stomach 
or an inhaling of fluid into the larynx 
might be responsible for some sudden 
infant deaths. At present it is impossible 
to study this mechanism safely in hu
man beings, and so its relevance to the 
syndrome will probably remain uncer
tain for some time. 

Stephen Arnon and his colleagues at 
the California Department of Health 
have identified a small number of syn
drome victims who died of an infec
tious form of botulism. The bacterium 
(Clostridium botulinum) can grow in 
an infant's intestines and manufacture 
enough toxin to cause sudden death. 
The source of the infection has usually 
been found to be the ingestion of bacte
rial spores contained in honey. The tox
in acts by binding irreversibly to nerve 
terminals and preventing the release of 
the neurotransmitter acetylcholine. In 
time the muscles required for breathing 
become paralyzed. 

The impact of sudden infant death on 
the affected families and on society 

is severer than the number of cases 
would suggest. Parents usually react 
with shock, disbelief and anger. Until 
recently most sudden infant deaths were 
unexplained, and so blame was often 
placed by one parent on the other or on 
the person who was taking care of the 
infant at the time of death. The grief of 

the parents, tinged with guilt, sometimes 
persists for many years. Such parents of
ten become overly anxious about sur
viving and subsequent children and un
duly protective of them. Police, neigh
bors and relatives sometimes harbor 
suspicions of parental abuse or neglect 
in sudden-death cases, which can lead 
to harsh contacts with investigative au
thorities and to painful interactions with 
relatives and friends. Many of these dis
agreeable consequences should disap
pear when the cause of every sudden 
infant death can be determined. 

The long-term prospect for prevent
ing sudden infant deaths is promising. 
Once the damaging prenatal events that 
predispose an infant to sudden death 
have been identified, it may be possible 
to prevent the damage and so prevent 
the deaths. Extensive investigations are 
now in progress to determine whether 
abnormalities can be detected in new
born babies that will identify infants 
who are at high risk of sudden death. 

One of the more promising methods is 
to record the electrical activity of neu
rons in the brain stem in response to 
visual, auditory and tactile stimuli in 
order to evaluate the integrity of the 
brain stem. James Orlowsky and his as
sociates at the Cleveland Clinic recent
ly reported that such recordings (show
ing responses to auditory stimuli) were 
abnormal in 10 infants who had life
threatening spells of apnea but were 
normal in infants who went through pro-

longed hypoxemia from other causes. If 
these efforts and others succeed in iden
tifying infants who are at high risk of 
sudden death, it may be possible to pre
vent some of the deaths by employing 
monitors to warn of respiratory or car
diac arrest. The monitors of this kind 
that are available now for use in the 
home are inadequate, but one can ex
pect improvements. 

Several drugs that stimulate the respi
ratory-control centers might serve to 
prevent apneic episodes in susceptible 
infants. Unfortunately they are too toxic 
to be administered at home, but there 
is always hope that the pharmaceutical 
industry will develop safer and more 
selective, compounds. Whatever means 
are eventually brought to bear, an infant 
will need them for only a few months, 
since the prolonged apneic spells that 
appear to identify many high-risk in
fants usually disappear between the ages 
of eight and 12 months. 

If measures to prevent sudden infant 
death are eventually found, might the 
survivors show evidence of a handicap 
such as brain damage? Clearly such a 
handicap is not likely if the processes 
that predispose a baby to sudden death 
are forestalled. If a baby is resuscitated 
after prolonged apnea or cardiac arrest, 
however, the long-term outlook is less 
certain. A few babies who have survived 
such an episode have handicaps of vari
ous degrees, but most of the survivors 
show no impairment. 

PROLIFERATION OF ASTROGLIAL FIBERS is found in about 
half of the victims of the sudden-death syndrome. The fibers appear 
in many areas of the brain stem, including the lateral reticular for
mation, which is a center for the control of respiration. They provide 

further evidence of prolonged hypoxemia in many sudden-death in
fants. The micrograph at the left shows a section of the brain stem of 
such a baby; the many thin black lines are astroglial fibers. They are 
absent in the normal brain stem sbown in the micrograpb at the right. 
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Delighted to have been of service 
If we are going to be thumping our 
chest in exultation over our centennial, 
let's try to do it in a useful way instead 
of belaboring the obvious. Certainly it 
is not obvious to outsiders, aware of 
gene-splicing and genetic engineering 
only as hot topics, that the literature the 
insiders write and read should mention 
our name over and over. 

The talky ad shown below appeared 
when we were only 82 years old. The ad 
had more scientific than business im
pact. The illustration shows macro
molecules separated in acrylamide gel 
by difference of mobility in an electric 
field. It advertised the idea. Readers 
were invited to send for the theory and 
the working details. Not that we had 
created anything. The authors were 
two bioscientists who didn't work for 
us but accepted our offer to submit 
their method swiftly in full detail for 
the scientific community to try out. 
They called it disc electrophoresis. We 
justified our small part in the hope it 
would sell Eastman organic chemicals 
for preparing and working with the gel. 

This unconventional form of scien
tific communication by paid advertising 
-prepublication we called it-accom
plished in full measure all we had 
hoped. It has turned out that: 1 Though the cylindrical form still 

offers some advantage, most gel 
electrophoresis today is done in rec
tangular slabs where two dimensions of 
migration are available and the thick
ness dimension is subsequently used for 

spraying betas from radionuclide
labeled spots onto film in contact for 
autoradiography. 2The way molecular biology is 

moving today, those spots often as 

J not represent individual gene products 
that some living cells have been fooled 
into manufacturing through the use of 
restriction enzymes in recombinant 
experiments that either approach fun
damental problems of biology as exer
cises in code-breaking or else seek 
slicker ways of manufacturing valuable 
molecules than are described in organic 
chemical textbooks. 3 When the labeled products are still 

so scanty as to be flirting with the 
detection limits for direct autoradiogra
phy, incorporation of fiuors into the gel 
causes light to take over the job of ex
posing the film, which helps greatly. 4What proves equally necessary in 

using the feeble betas from tritiated 
material is to expose at around _780 so 
that the first atom or two of silver at a 
sensitivity speck on a silver halide 
crystal does not diffuse away before 
more arrive-the cause of reciprocity 
failure. 5 An earlier contribution from pho

tographic science has also helped. 
The sigmoid 'shape of the plot of optical 
density vs log exposure has correctly 
predicted that prefiashing the film to 
get above the toe of the curve would 

gain sensitivity and linearity. 6 From the view at the lab bench, our 
most appreciated contribution to 

the work has proven to be some very 
high-grade x-ray films we make for the 
world's medical centers. Meanwhile 
one recent paper (Analytical Biochem
istry 93, 189-195 [1979D shifts attention 
to Kodak Ektacolor or Vericolor film 
for experiments using mUltiple isotopes 
and using color on a single sheet of film 
to see where they each end up. Films 
and their processing are what get us 
mentioned so often in the current 
literature of the subject. 

If contemplating a jump onto the 
capacious bandwagon of recombinant 
studies, you may wish to ask E. J. 
Hahn, Health Sciences Markets Divi
sion, Kodak, Rochester, N. Y. 14650, 
phone 716-724-4633, for the latest 
edition of hi$ product guide and bibli
ography entitled "Autoradiography of 
Large-Area Specimens." 

1880 • 1980 

fi lOO-y€ar start on tOll\9rrow 

., Eastman Kodak Company. 1980 
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SCIENCE AND THE CITIZEN 
Let Only Two Children Bloom 

The most populous nation in the 
world is out to attain zero popu
lation growth. Having already 

achieved a remarkable decline in fertili
ty in less than a decade, the leadership 
of the People's Republic of China, con
vinced that "rapid population increase 
obstructs economic development," is 
adopting legal, economic and institu
tional reforms whose essential objective 
is to keep parents from having more 
than two children and to encourage 
them to have only one child. Detailed 
statistics reflecting the success to date of 
China's birth-planning efforts were pre
sented, along with the official rationale 
for a policy of population control and a 
description of steps to be taken in the 
future, in a newspaper article by Chen 
Muhua, the vice-premier in charge of 
birth planning. An annotated transla
tion by Pi-chao Chen of Wayne State 
University has now been published in 
Family Planning Perspectives. 

In 1978 the population of mainland 
China was 960 million. It had been 
about 540 million in 1949, and the net 
increase of 420 million in 30 years re
flects an average annual growth rate of 2 
percent. At its peak in the 1960's the 
crude birthrate was as high as 40 per 
1,000 of population (about the same as 
India's). With the initiation of a vigor
ous birth-planning campaign after the 
"cultural revolution" the birthrate be
gan a precipitous decline in 1971, reach
ing 18.34 in 1978. The rate of natural 
increase was reduced from 2.3 percent 
in 1971 to 1.2 percent in 1978. In her 
article Vice-Premier Chen called for a 
two-stage campaign to reduce the rate 
of natural increase first to about .5 per
cent by 1985 and then to zero by the 
year 2000. 

She insisted that population control 
not only is essential for economic de
velopment but also "is dictated and 
demanded by the socialist mode of pro
duction." Admitting that "in our previ
ous critiques of the Malthusian theory 
of population we one-sidedly stressed 
man's role as producer, even going so 
far as to assert that the more people 
the better," she maintained that "we ne
glected the other side, namely that man, 
having a mouth, is also a consumer." In 
addition to retarding improvement in 
the standard of living, she argued, rapid 
population growth interferes with the ac
cumulation of capital and makes it more 
difficult to educate and train young peo
ple and provide jobs for them. 

The first objective, according to the 
vice-premier, is to "reduce and then 
altogether eliminate the phenomenon 
of multiparity," or the practice of hav
ing more than two children. This is to 
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be accomplished by imposing a "multi
child tax" on those who have a third 
child (except as the result of a multiple 
birth at the second confinement) and 
making third children ineligible for vari
ous medical and other benefits. Third 
and higher-parity births now account 
for some 30 percent of all births, or 
about 5.2 million in 1978. Eliminating 
almost all such births by 1985 would 
reduce the birthrate to about 13 per 
1,000 and the natural-increase rate to 
less than . 7 percent; the hope is to reach 
the .5 percent goal by increasing the pro
portion of one-child families. Promot
ing the practice of having one child is 
also "the primary method whereby we 
can bring the natural-increase rate down 
to zero." 

A number of economic and institu
tional measures are proposed to encour
age people to have only one child, even 
if that child is a girl. These include annu
al bonuses, housing priorities and higher 
pensions for people who have one child 
and priority in schooling and employ
ment for single children. To deal with 
the traditional Chinese attitude charac
terized by Vice-Premier Chen as "Don't 
call it quits until a boy baby comes 
along," the government will "insist on 
the principle of equal pay for equal 
work regardless of sex," will encourage 
"matrilocal" marriages (in which the 
couple live with the wife's parents if the 
parents have no son, thereby helping to 
support them in their old age) and will 
improve facilities for childless old peo
ple. "Once the economic problems are 
solved the question of more v. fewer 
children and of male v. female offspring 
will be more than halfway solved." 
These various negative and positive in
centives are to be supported by expand
ed birth-control programs, all "putting 
the stress on prevention" to reduce the 
incidence of abortion. 

Fish Find 

Avast fishery resource, until now not 
fully recognized because of the lim

ited and primitive fishing ind ustry in 
the area, has come to light in the North 
Arabian Sea through a survey made un
der the auspices of the United Nations 
Development Programme, the Food 
and Agriculture Organization of the UN 
and the government of Norway. The re
source includes fishes that are pelagic 
(in the open sea), mesopelagic (in depths 
of from 600 to 3,000 feet, or about 180 
to 900 meters) and demersal (bottom
dwelling). "Assuming a potential extrac
tion rate of 40 percent for coastal pe
lagics and 20 percent for demersals," 
the sponsors say, "and an average landed 
value of $75 per [metric] ton of coastal 
pelagics and $500 per ton for demersals, 

the four major countries concerned
Pakistan, Somalia, Oman and the Peo
ple's Democratic Republic of Yemen
could gain $92.1 million in income from 
those resources each year. Potential an
nual production could be 742,000 tons." 

These figures, however, do not in
clude the mesopelagic fishes. The study 
estimated the mesopelagic stock to be 
102 million metric tons. (The UN has 
estimated that the total catch of fish in 
the world in 1977 was 73.5 million tons.) 
"The species tend to be short-lived, and 
it is therefore reasonable to postulate 
that the extraction rate has a theoretical 
upper limit of from 40 to 50 percent. 
Since nothing is known about the eco
nomics of harvest, however, it is unreal
istic to assume that level of harvest in 
the foreseeable future. A more realistic 
appraisal [is] that a 10 percent extrac
tion rate would increase world marine 
annual protein supplies by about 13 per
cent and a 20 percent extraction rate 
would increase [them] by 27 percent." 
At 10 percent the harvest would be 10.2 
million tons a year with a landed value 
of $765 million based on $75 per ton. 

Hydro and Geo 

The General Accounting Office, the 
Congressional watchdog of Execu

tive Branch operations, has summarized 
a five-year record of efforts by the Ex
ecutive Branch to promote two alterna
tive sources of electric power: water tur
bines and &ltotJ:lermal-steam turbines. 
Given substantially streamlined proce
dures, the GAO finds, Federal support 
would allow new hydroelectric plants 
to make a significant additional contri
bution to the nation'S power grids. Ef
ficient geothermal power generation, 
however, is possible in so few parts of 
the U.S. that the technology must be 
ranked among the least attractive alter
native power sources even after five 
years and $500 million of Federal aid. 

Hydroelectricity has long been an im
portant source of power in the U. S. 
Some 40 years ago water turbines fur
nished 40 percent of the nation's elec
tricity. Today less than 15 percent of 
U.S. electric power is so generated 
(compared with 35 percent in France). 
The Federal Government is now the 
nation'S largest producer of hydroelec
tricity, providing nearly half of a total 
60,000-megawatt capacity. Of this total, 
facilities controlled by the Department 
of Defense provide' more than half, or 
16,500 megawatts. Facilities controlled 
by the Department of the Interior have 
a capacity of 9,400 megawatts. The ca
pacity of the Tennessee Valley Authori
ty is 3,300 megawatts. 

The Federal dominance in hydroelec
tricity is directly related to Federal dam 
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It may be the most sophisticated 
production car on earth. 
(s) From lessons learned in outer space .�. comes the 1980 Eldorado by Cadillac 

... very possibly the most advanced, 
most sophisticated production car on earth. In 
fact, a considerable number of Eldorado 
innovations can be traced directly to GM's 
extensive developmental work in guidance 
control. 

Even adjusts to changes in altitude . 
Perhaps most dramatic is Eldorado's standard 
new Digital Electronic-Fuel-Injected Engine. 
As you travel coast-to-coast, it automatically 
adjusts to changes in altitude ... to barometric 
pressure ... to temperature ... even to eventual 
wearing of parts. T here was a time when such 
things as high-altitude packages were required 
for Eldorado. Not with this car. For California, 
5. 7 liter EFI engine is standard. Eldorados are 

equipped with GM-built engines produced 
by various divisions . See your Cadillac 
dealer for details. 

1b help take guesswork out of servicing 
• • •  Almost as remarkable is Eldorado's on-board 
computer diagnostics to help take the 
guesswork out of servicing. T his system, again 
a Cadillac exclusive, enables a Cadillac service 
technician to find a number of possible problem 
areas quickly ... with a push of buttons in the car 
and a code book. And then to verify and 
correct. It's standard with Digital EFI. 

Going from 69°F to 70°F. Another spaceage 
feature is Electronic Climate Control with digital 
accuracy. Change temperature settings as pre
cise as one degree with a touch of a button. 

1b be a more efficient driver. And to help 

make you a more efficient driver there's 
Cadillac's MPG Sentinel-standard with Digital 
EFI. It displays your instantaneous miles per 
gallon and your average mpg for a trip. 

On at dusk ... off at dawn. Add to that an 
unprecedented combination of driving features. 
Including front-wheel drive for traction and 
roominess-plus almost every advanced 
electronic convenience known. All standard. 
Including Twilight Sentinel that turns your 
headlights and taillights on at dusk and off at 
dawn ... automatically. 

To take command of your own Eldorado, visit 
your Cadillac dealer. Tomorrow 
wouldn't be too soon . . to buy or 
lease one of the best-engineered 
cars in the world. 

© 1980 SCIENTIFIC AMERICAN, INC



construction and maintenance. Within 
the Department of Defense it is the 
Army Corps of Engineers, with its re
sponsibility for river navigability, that 
has developed a hydroelectric sideline. 
Within the Department of the Interior 
the Bureau of Reclamation, which pro
vides irrigation water to 15 western 
states, and to a lesser extent the Bu
reau of Indian Affairs and the National 
Park Service generate hydroelectricity 
for various power grids. 

As far as utilizing the nation's to
tal hydroelectric potential is concerned, 
only 3 percent of the 49,000 dams in 
the U.S. have power-generating facili
ties. If the most suitable of the unused 
97 percent were to be similarly har
nessed, one Department of Energy study 
suggests, the nation's hydroelectric ca
pacity could be increased by an addition
al 110,000 megawatts, or the equivalent 
of more than four million barrels of oil 
per day. Even more intensive exploita
tion of existing dams and the construc
tion of power dams on suitable streams 
that are now undammed would add to 
the increase. 

Meanwhile, the GAO notes, obstacles 
abound. Any new hydroelectric plant 
must be approved by Federal authori
ties that separately administer 13 public 
laws controlling activities that range 
from Federal land management to the 
protection of endangered species. The 
GAO further notes that the Department 
of Energy has taken more than three 
years to authorize a total of eight hydro
electric demonstration projects. More
over, seven of the projects, with a com
bined generating capacity of some 20 
megawatts, were not" authorized until 
last year. 

As for the geothermal generation 
of electricity, only three fields (one in 
northern California, one in Italy and one 
in New Zeaiand) provide the kind of 
dry steam that is naturally suitable for 
driving turbines. The California field 
was first tapped in 1960; by last year it 
was producing 665 megawatts. A 150-
megawatt geothermal plant, powered by 
hot water rather than steam, is in Mexi
co just south of the California border. 
The source of the hot water is a thermal 
zone that extends northward under the 
Imperial Valley and the Salton Sea. This 
area of southern California appears to 
be the only other one in the U.S. with a 
potential for the geothermal generation 
of electricity. According to the GAO, 
the usefulness of numerous other ther
mal zones appears to be limited to local 
heating applications that might lower 
the consumption of conventional fuels 
for the same purpose. 

Medical Execution 

"I will use treatment to help the sick 
according to my ability and judg

ment, but never with a view to injury 
and wrongdoing. Neither will I adminis-
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ter a poison to anyone when asked to do 
so nor will I suggest such a course." 

The language of the Hippocratic oath 
would seem to leave the physician lit
tle room for ethical maneuvering. In 
at least some parts of the U.S., howev
er, Hippocrates is apparently still taken 
with a grain of salt. 

Within the past few years four states
Idaho, New Mexico, Oklahoma and 
Texas-have passed laws adopting 
death by drug injection as the prescribed 
method of executing condemned prison
ers. In Oklahoma, for example, the law 
now provides that the death sentence be 
carried out by "continuous intravenous 
administration of a lethal quantity of an 
ultra-short-acting barbiturate in combi
nation with a chemical paralytic agent 
until death is pronounced by a licensed 
physician." Several other states are con
sidering similar legislation. 

The active involvement of physicians 
in this new form of capital punishment 
has been criticized by two members 
of the faculty at the Harvard Medi
cal School. Writing in The New England 
Journal 0/ Medicine. William J. Curran, a 
professor of legal medicine, and Ward 
Casscells, a physician, state that "the 
growing adoption of these programs 
raises serious ethical issues for Ameri
can physicians about their continued 
and expanded participation in state
ordered execution of human beings for 
crimes." They call on the medical pro
fession in the U.S. to "examine seriously 
the issues presented by this new meth
od of capital punishment, " arguing that 
"unlike any other methods, this proce
dure requires the direct application of 
biomedical knowledge and skills in a 
corruption and exploitation of the heal
ing profession's role in society." Their 
own conclusion is that the medical pro
fession should "formally condemn all 
forms of medical participation " in the 
new practices. 

According to Curran and Casscells, 
the objectives of the new laws "are clear 
enough. It is expected, first of all, that 
the method will be considered less pain
ful and thus more humane to the con
demned prisoner. Secondly, it is hoped 
that the new method will encourage 
more juries to vote the death penalty ....  
A third objective is  constitutional: it  is 
hoped that statutes providing for execu
tion by this method will be less apt to be 
struck down by the courts as 'cruel and 
unusual punishment.' A fourth objec
tive is economic: the method is consider
ably less expensive than death by elec
trocution or lethal gas." 

Curran and Casscells contend that re
gardless of the motives of the state the 
physician has a special obligation not to 
use his medical skills to help take a life. 
They base their position not only on 
the Hippocratic oath but also on the 
pronouncements of various internation
al medical bodies, including the World 
Medical Association. The ethical prin-

ciples enunciated by such bodies con
cerning the involvement of medical doc
tors in torture and other forms of cru
el, inhuman or degrading treatment or 
punishment should, they believe, "be in
terpreted to unconditionally condemn 
medical participation " in the practice of 
execution by drug injection. Such par
ticipation, they say, can involve a va
riety of roles, ranging "from ordering 
the substance and preparing it for injec
tion, to injecting the substance or order
ing and supervising the injection by oth
er medical personnel, to monitoring the 
administration and observing the pris
oner throughout the continuous injec
tion of the drug, and, lastly, to examin
ing the prisoner and pronouncing his 
death." 

The "continuous intravenous admin
istration " referred to jn the Oklaho
ma statute, Curran and Casscells write, 
"ends only when the monitoring physi
cian pronounces the condemned prison
er dead. The physician then becomes the 
instrument, the order, to stop the lethal 
action itself. There is no other way to 
describe this physician's role but as that 
of an active participant, a key human 
participant, in the execution." 

The total number of condemned pris
oners potentially subject to physician
assisted execution in the U.S. "is by 
no means small, " Curran and Casscells 
point out. Texas, which already has such 
a capital-punishment law on the books, 
currently ranks second in the nation, 
with 119 on death row. Florida, which is 
said to be on the verge of enacting a 
similar law, is first with 140 (139 men 
and one woman). 

Undogmatic Toad 

The "central dogma " of modern biol
ogy states that in every living cell 

coded instructions for the synthesis of 
protein are transcribed from DNA to 
RNA. A gene therefore is a length of 
DNA that specifies a product molecule. 
Although the means of transcription
the code and the transcription machin
ery-have been held to be virtually uni
versal in all forms of life, 'it was recently 
reported that the cell organelles known 
as mitochondria use a slightly aberrant 
code (see "Science and the Citizen, " SCI
ENTIFIC AMERICAN, February). Now a 
difference is reported with regard to the 
machinery. It suggests that in animals a 
control is placed on transcription that 
does not exist in bacteria. 

The difference is as follows. In the 
genes of the bacterium Escherichia coli 
the transcription of RNA on a template 
strand of DNA typically begins with the 
binding of an enzyme (the molecule that 
engineers the transcription) to a promot
er, a part of the DNA that is at the end 
of the template and is not itself tran
scribed. In the clawed toad Xenopus lae
vis the details of enzymatic binding are 
uncertain, but the transcription of a par-
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ticular type of RNA from DNA is di
rected by a region not at the end of the 
template but in the middle. This means 
that in Xenopus a part of a gene acts both 
as code that is transcribed and as control 
of the transcription. 

The experiments revealing the differ
ence were conducted in the Department 
of Embryology of the Carnegie Institu
tion of Washington by Daniel F. Bogen
hagen, Shigeru Sakonju and Donald D. 
Brown. They report their findings in a 
recent issue of the journal Cell. The 
gene they worked with is designated 
5S DNA. It is present on nearly all the 
chromosomes in Xenopus. in hundreds 
of duplicate copies. It is transcribed into 
5S RNA, which is assembled into ri
bosomes, the intracellular organelles on 
which proteins are synthesized. The 
region that is transcribed consists of 
120 of the nitrogenous bases whose 
sequence embodies the genetic code in 
both DNA and RNA. It is flanked on 
each side by "spacer DNA " whose func
tion is not known. The spacer DNA is 
not transcribed. 

The experiments proceeded in stages. 
First enzymes were used to prune bases 
from one end or the other of a strand of 
DNA comprising the 5S DNA and the 
flanking spacer DNA. Then the short
ened strand was spliced into a plasmid: a 
self-replicating circular strand of bacte
rial DNA. Once inserted into a bacteri
um the plasmid clones itself. Hence the 
bacterium and its progeny are a source 
of countless copies of a bacterial DNA 
that includes Xenopus DNA with an ex
perimental truncation. The DNA is pu
rified and introduced into an extract 
made from the nuclei of frog oocytes 
(precursors of egg cells). The extract 
contains the intracellular machinery 
that will enable the truncatect"DNA from 
Xenopus to express itself if it can. 

The results are described by the Car
negie workers as a series of surprises. 
First, the removal of spacer DNA turns 
out not to matter: the 5S DNA is tran
scribed anyway. The spacer does not in
clude a promoter. Second, the removal 
of up to 50 bases from one end of the 5S 
DNA (designated the 5' end) turns out 
to matter less than was expected: the 
gene continues to serve as a template for 
the synthesis of RNA. The RNA, how
ever, consists of hybrid molecules in
cluding in only part of their length the 
sequence of bases of a 5S RNA. The 
remaining sequence of bases ·is tran
scribed from the bacterial DNA that lies 
at the splice in the plasmid. The crucial 
point is the length of the RNA's. They 
are from 116 to 121 bases long: the 
length of 5S RNA. With more than 54 
bases removed little or no such synthesis 
occurs. 

Pruning bases from the other end of 
the 5S DNA (the end designated 3') 
entailed more difficult experiments be
cause deletions from this end remove 
the region of DNA that codes for the 
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termination of the transcription. (In Xe
nopus 5S DNA that region is a sequence 
of four thymine bases at positions 119 
through 122.) Hence the experimenters 
could no longer simply assay the oocyte 
extract for RNA of 5S length to deter
mine whether the gene functioned. The 
RNA might be any length. The Carnegie 
workers devised an alternative assay by 
adding to the oocyte extract a modified 
constituent of RNA: a base that if incor
porated into the transcription will pre
vent the acceptance of other bases. The 
addition of this substance in a known 
concentration entails a size distribution 
of synthesized RNA strands. Each ends 
with a modified base. From the distribu
tion can be deduced the position on the 
DNA template at which transcription 
began. 

The result is that if the enzymatic 
pruning of bases from the 3' end of 5S 
DNA leaves intact at least the first 83 
bases, then RNA is synthesized. If the 
pruning goes beyond base 80, synthe
sis no longer occurs. In sum, a site on 
Xenopus 5S DNA that is bounded "up
stream " between bases 50 and 55 and 
"downstream " between bases 80 and 83 
somehow governs the expression of the 
gene. That site is roughly the middle 
fourth of the gene. 

The Carnegie workers have no direct 
evidence that an enzyme binds to the 
site. Therefore they prefer to call their 
discovery a control region rather than 
a promoter. Still, the investigators hy
pothesize that an enzyme interacts with 
the control region and is induced by 
the interaction to reach some 50 bases 
upstream and begin transcribing a tem
plate. An analysis of the bacterial DNA 
placed upstream from the control region 
by its splice into a plasmid suggests that 
the enzyme is best suited to reach out 
to a guanine base and begin transcrib
ing there. 

Ringside Seat 

Serving once more as a pathfinder for 
the two much larger Voyager space

craft, as it had in surveying Jupiter in 
late 1974, Pioneer 11 dipped under Sat
urn's rings last September 1, swerved 
sharply and sailed off on a trajectory 
that will carry it on a limitless voyage 
beyond the solar system. It will thus fol
low its sister ship, Pioneer 10, which ac
quired solar escape velocity through its 
encounter with Jupiter late in 1973. Sat
urn, whose orbit lies 9.54 astronomical 
units (A.u.) from the sun, is now the 
remotest planet visited by a spacecraft. 
(One A.U. is the mean distance from 
the earth to the sun.) When Pioneer 11 
passed to within 43,000 kilometers of 
Jupiter more than five years ago, it ac
quired enough energy from Jupiter's 
gravitational pull to take a swift short
cut across the solar system on a trajecto
ry that carried it 15 degrees above the 
plane of the earth's orbit and more than 
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1.5 AU. inside the orbit of Jupiter to 
keep its rendezvous with Saturn. 

What Pioneer 11 (since renamed Pio
neer Saturn) reported back about the 
sun's sixth planet is summarized in a re
cent issue of Science. Pioneer Saturn is 
a much smaller craft (weighing 250 kil
ograms) than the two Voyagers (each 
weighing 2,080 kilograms), and so its 
photoimaging equipment is much more 
primitive: a single imaging photopolar
imeter, a pointable telescope with an ap
erture of 2.5 centimeters (one inch) that 
uses the spin motion of the spacecraft 
to scan an object. Nevertheless, Pioneer 
Saturn returned 440 pictures of Saturn, 
of which 40 exceed in resolution the best 
photographs made from the earth. The 
images made from the closest range 
have a resolution of 90 kilometers, 
compared with about 1,200 kilometers 
for the images made from the earth. 
The largest of Saturn's nine previously 
known moons, Titan, was photographed 
at a resolution of 180 kilometers. 

The most significant pictorial results 
were the finding of a small new moon 
and a narrow new ring just beyond the 
three prominent and previously well
established rings. The new moon, des
ignated 1979 S 1, signifying that it was 
the first Saturn satellite discovered in 
1979, is between 100 and 200 kilome
ters in diameter and at one point came 
within 2,500 kilometers of colliding 
with the spacecraft. The new ring, desig
nated F, is only about 800 kilometers 
wide and is separated from the next
innermost ring, the A ring, by a narrow 
gap that has been named the Pioneer 
division in honor of the mission that dis
covered it. 

Pioneer Saturn viewed the rings in an 
unusual light: from below, illuminated 
from above, and hence in scattered light 
rather than reflected light, which is the 
usual view from the earth. In addition to 
the three well-known rings (C, B and A, 
in order of their distance from the plan
et) there had been evidence in studies 
made from the earth for a faint Dring 
inside the C ring and for a broad, tenu
ous E ring beyond the A ring. Pioneer 
Saturn found no evidence at all for the D 
ring and no photographic evidence for 
the E ring. In flying through the region 
occupied by the putative E ring, how
ever, the craft registered two hits on its 
micrometeoroid detectors. There is also 
some evidence for the Ering in the data 
returned by its charged-particle detec
tors. (In January astronomers at the 
University of Arizona confirmed the ex
istence of the E ring in images made 
with a 1.5-meter telescope.) 

Several of the Pioneer Saturn instru
ments provided the first direct evidence 
that the planet has a magnetosphere and 
therefore an intrinsic magnetic field. 
The field at the equator is from three to 
five times weaker than had been pre
dicted by theoretical models: .2 gauss 
(compared with .5 gauss for the earth's 
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Faculty 
Positions 
Open 

Medium of Education is 
English. Duties involve 
teaching undergraduate 
courses as well as assisting 
in planning of new lab
oratories and research pro
jects in this recently 
established faculty. 

Attractive salaries and 
fringe benefits are offered. 
Applicants with Ph.D. and 
several years of experience 
in teaching and/or in
dustry are preferred. Those 
interested are requested 
to apply preferably by 
cable, to the Dean of the 
faculty, for application 
forms and information 
concerning terms and 
conditions of the contract. 

Cable Address 

Dr. Fathi Nuh 
AI-Fatah University 

People's Bureau of 
The Socialist People's 
Libyan Arab Jamahiriya 
Cultural Section 
Post Office Box 19125 
Washington, D.C. 20036 

AI-Fatah University 
Faculty of Nuclear and 
Electronic Engineering 
Tripoli, Socialist Peoples Libyan Arab Jamahiriya 

Applications are invited for the academic positions 
available in this faculty, beginning with the academic 
year 1980/1981, in one of the following departments with 
the indicated areas of specialization: 

1. Department of Electronics & Computer Science 

A) Integrated Circuits Design and Fabrication 
B) Digital Electronics and Instrumentation 

C) Industrial Process Control 
D) Data Communications 
E) Mini-micro Computer Systems 
F) Data-base engineering 
G) Systems Modelling and Simulation 
H) Computer-aided Design 

I) Computer-aided Instructions 
)) Programming Languages 
K) Systems Programming 
L) Numerical Analysis 

M) Artificial Intelligence 
N) Computer Networks & Distributed Processing 

2. Department of Materials Science & Engineering: 

A) Crystal Structure and Diffraction 
B) Electric, Magnetic and Optical Properties 

C) Physical Metallurgy 
D) Processing Metallurgy 
E) Ceramic 
F) Corrosion 
G) Non Destructive Testing 
H) Materials Shaping and Treatment 

I) Materials Selection and Failure AnalysIs 

3. Department of Nuclear Engineering and Technology: 

A) Nuclear Safety 
B) Thermal Hydraulics 

C) Chemical Aspects of Reactor Technology 
D) Material Aspects of Reactor Technology 
E) Fuel Cycles Analysis 
F) Nuclear Data 
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For the photographer, astronomer, naturalist, educator, 
or casual observer-Celestron has established a new 
standard in superb telescopes and telephoto lenses at 
affordable prices (from $245). All feature large.obseryatory 
type mirror/lens optics folded into a compact, lightweight, 
portable telescope or telephoto lens. Close-up detail borders 
on the fabulous from celestial subjects light years away, to 
ships, planes, flowers, wildlife or people. Here is truly an 
instrument that allows you to view or photograph the world 
around you. 

Free 4-page brochure or send $2.00 
for 32-page full color. catalog on 

how to select and use a 
Celestron telescope or 
telephoto. 

Celestron International 
2835 Columbia St., Box 3578-1 
Torrance, Calif. 90503, U.S.A. 
Telephone: (213) 328-9560 

Dealer Inquiries invited. 

field). An unexpected feature of Sat
urn's magnetic field is that the dipole 
axis deviates from the planet's rotation 
axis by less than one degree. On the 
earth, Mercury and Jupiter the dipole 
axis is tilted about 10 degrees from 
the rotation axis. Prevailing theories of 
planetary magnetic fields have as.sumed 
that the internal dynamo generatmg the 
field must be tilted by 10 degrees or 
more from the spin axis. Saturn shows 
that such a tilt is not required. As on Ju· 
piter, the polarity of Saturn's magnetic 
field is opposite to the earth's; in other 
words, Jupiter's and Saturn's north geo
graphic pole is their south magnetic pole. 

Additional evidence on Saturn's rings 
and inner satellites was provided by 
the Pioneer Saturn charged-particle de· 
tectors. The rings and satellites tend to 
sweep charged particles out of the mag
netosphere. Sharp dips in the counting 
rate suggest that the spacecraft crossed 
the orbit of the new satellite 1979 S 1 
16 hours after the satellite was record
ed photographically. Another sharp dip 
some 11 minutes later on the inbound 
leg of the flyby is evidence for another 
new satellite. Indeed, the charged-parti
cle detectors suggest the presence of as 
many as five previously unknown sat
ellites. The authors of the report in Sci
ence propose the recognition of "a new 
technique (particle-beam astronomy) 
for discovering previously unknown sat
ellites and rings and for confirming or 
contradicting reports of such objects 
based on optical evidence." 

Saturn's temperature and heat bal
ance were determined by an infrared ra
diometer. The planet's average tempera
ture is 94.4 ± 3 degrees Kelvin (degrees 
Celsius above absolute zero), a val
ue similar to estimates made from the 
earth. The ratio of total planetary heat 
emission to solar input, however, is sig
nificantly higher than had been expect· 
ed from models of the planet's cooling 
history. The total emission is about 2.2 
times greater than the absorbed sun
light. Although about the same excess 
ratio was found for Jupiter, Jupiter's ex
cess can be accounted for by heat left 
over from the planet's formation. In the 
case of Saturn another internal source of 
heat seems necessary. Evidently much 
of the planet's interior consists of liquid 
hydrogen containing a small amount of 
dissolved helium. It has been suggested 
that as the interior cools, some of the 
helium comes out of solution and ap
pears as insoluble droplets, which, be
ing heavier than liquid hydrogen, fall 
toward the planet's center. The falling 
helium releases kinetic energy that ulti
mately reaches the surface as heat. The 
fruitful reconnaissance of Pioneer Sat
urn paves the way for the much more 
intensive examination of the Saturn 
system planned when Voyager 1 arrives 
this November, followed by Voyager 2 
in August of next year. 
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The magazine that watches television. 
Practically everybody watches television. And prac

tically everybody wants to know more about it. 
Luckily there's a magazine that also watches television. 

And can tell you more about it. 
Panorama, created by the publishers of TV Guide. 
It doesn't just watch what's going on "on" television. 

It also watches what's going on "in" television. From the 
people to the programs. From the news to the arts. 
From the sports arena to the political arena. 

If you're really interested in television, tune in to 
Panorama. 

Pick up a copy at your newsstand. Buy a subscription 
by calling toll-free 800-523-7601. (Pennsylvania residents 
call 800-662-5180.) Or fill in the coupon on the right. 

�"�'''"" IO:::g�;:,!nd 

• 

The magazine to watch. 

lfI'm not delighted by my first issue, I may cancel at once 
and owe nothing. (Merely write "cancel" across the bill you receive 
or write for refund of any payment made.) 

o Please bill me 0 Payment enclosed 0 Master Charge 0 Visa 

Interbank no. (Master Charge only) _________ _ 

Card no. ________ Exp. Date _______ _ 

Signature __________________ _ 

Name ____________________ __ 

Address ___________________ __ 

City State Zip 
1928JA6 

Mail to PANORAMA, Box 650, Radnor, PA 19088. Offer 
expires May 31, 1980. Please allow 30 to 65 days for delivery of 
initial issue. Subscription price for U.S. only $12. Canada and 
Mexico $18. All other countries $24. ©T,;,ngle Communk,,;on, Inc 1080 
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Useful Proteins 
from Recombinant Bacteria 

Bacteria into which nonbacterial genes have been introduced are 
able to manufacture nonbacterial proteins. Among the proteins 
made by recombinant-DNA methods are insulin anc/ interferon 

by Walter Gilbert and Lydia Villa-Komaraff 

ltliVing cell is a protein factory. It 
synthesizes the enzymes and oth
er proteins that maintain its own 

integrity and physiological processes, 
and (in multicelled organisms) it often 
synthesizes and secretes other proteins 
that perform some specialized function 
contributing to the life of the organism 
as a whole. Different kinds of cells make 
different proteins, following instruc
tions encoded in the DNA of their genes. 
Recent advances in molecular biology 
make it possible to alter those instruc
tions in bacterial cells, thereby designing 
bacteria that can synthesize nonbacteri
al proteins. The bacteria are "recombi
nants." They contain, along with their 
own genes, part or all of a gene from a 
human cell or other animal cell. If the 
inserted gene is one for a protein with an 
important biomedical application, a cul
ture of the recombinant bacteria, which 
can be grown easily and at low cost, will 
serve as an efficient factory for produc
ing that protein. 

Many laboratories in universities and 
in an emerging "applied genetics" ind us
try are working to design bacteria able 
to synthesize such non bacterial pro
teins. A growing tool kit of "genetic en
gineering" techniques makes it possible 
to isolate one of the million-odd genes 
of an animal cell, to fuse that gene with 
part of a bacterial gene and to insert 
the combination into bacteria. As those 
bacteria multiply they make millions of 
copies of their own genes and of the ani
mal gene inserted among them. If the 
animal gene is fused to a bacterial gene 
in such a way that a bacterium can treat 
the gene as one of its own, the bacteria 
will produce the protein specified by the 
animal gene. New ways of rapidly and 
easily determining the exact sequence 
of the chemical groups that constitute 
a molecule of DNA make it possible 
to learn the detailed structure of such 
"cloned" genes. After the structure is 
known it can be manipulated to produce 
DNA structures that function more ef
ficiently in the bacterial cell. 
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In this article we shall first describe 
some of these techniques in a general 
way and then tell how we and our col
leagues Argiris Efstratiadis, Stephanie 
Broome, Peter Lomedico and Richard 
Tizard applied them in our laboratory at 
Harvard University to copy a rat gene 
that specifies the hormone insulin, to in
sert the gene into bacteria and to get 
the bacteria to manufacture a precursor 
of insulin. In an exciting application of 
this technology Charles Weissmann and 
his colleagues at the University of Zu
rich recently constructed bacteria that 
produce human interferon, a potential
ly useful antiviral protein. 

DNA, RNA and Proteins 

Cells make proteins by translating a 
set of commands arrayed along a strand 
of DNA. This hereditary information 
is held in the order of four chemical 
groups along the DNA: the bases ade
nine, thymine, guanine and cytosine. In 
sets of threes along DNA these bases 
specify which amino acids, the funda
mental building blocks of proteins, are 
to be used in putting the protein togeth
er; the correspondence between specific 
base triplets and particular amino acids 
is called the genetic code. The part of a 
DNA molecule that incorporates the in
formation to specify the structure of a 
protein is called a structural gene. 

To act on this information the cell 
copies the sequence of bases from its 
genetic storehouse in DNA into another 
molecule: messenger RNA. A strand of 
DNA serves as a template for the assem
bly of a complementary strand of RNA 
according to base-pairing rules: adenine 
always pairs with uracil (which in RNA 
replaces DNA's thymine) and guanine 
pairs with cytosine. In animal cells tran
scription takes place in the nucleus of 
the cell. The messenger-RNA molecules 
carry the information out of the nucle
us into the cytoplasm, where a com
plex molecular machine translates it into 
protein by linking together the appropri-

ate amino acids. In bacteria, which have 
no nucleus, transcription and transla
tion take place concurrently. The mes
senger RNA serves as a temporary set 
of instructions. Which proteins the cell 
makes depends on which messengers it 
contains at any given time; to make a 
different protein the cell makes a new 
messenger from the appropriate struc
tural gene. The DNA in each cell con
tains all the information required at any 
time by any cell of the organism, but 
each cell "expresses," or translates into 
protein, only a specific small portion 
of that information. How does the cell 
know which structural genes to express? 

Along with the structural informa
tion, a DNA molecule carries a series of 
regulatory commands, also written out 
as a sequence of bases. The simplest 
of these commands say in effect "Start 
here" or "Stop here" both for the tran
scription and for the translation steps. 
More complicated commands say when 
and in which type of cell a specific gene 
should be used. The genetic code is the 
same in all cell nuclei, a given structural 
sequence specifying the same protein in 
every organism, but the special com
mands are not the same in bacteria and 
in animal cells. One of the most surpris
ing differences was discovered only in 
the past two years. The information for 
a bacterial protein is carried on a contig
uous stretch of DNA, but in more com
plicated organisms, such as pigs and 
people, the structural information is 
broken up into segments, which are sep
arated along the gene by long stretches 
of other DNA called intervening DNA 
or "introns." In such a cell a long region 
(often 10 times more than might be 
needed) is transcribed into RNA. The 
cell then processes this long RNA mole
cule, removing the sequence of bases 
that does not code for the protein and 
splicing together the rest to make a 
messenger-RNA molecule that carries 
essentially just the "start," the structur
al sequence and the "stop" needed for 
translation. 
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To persuade a bacterium to make a 
non bacterial protein one must put into 
bacteria a DNA molecule that has a se
quence of bases specifying the protein's 
amino acids as well as the bacterial com
mands for transcription and translation. 
Moreover, the inserted DNA must be 
treated by the bacteri um as i ts own so 

that it will be duplicated as the bacteri
um divides. The problem thus breaks 
down into three parts: to find the right 
structural sequence (insulin's, for exam
ple), to place it in bacteria in such a way 
that it will be maintained as the bac
teria grow and then to manipulate the 
surrounding information, modifying the 

regulatory commands so that the struc
tural sequence is expressed as protein. 
Once the protein is made, still further 
changes in its gene or modifications of 
the bacteri um may be needed to obtain 
the protein in large enough amounts to 
be useful. 

The constellation of recombinant-

HUMAN INTERFERON synthesized in bacteria demonstrates its 
ability to block a viral infection in this biological assay. The structural 
information for making the protein interferon was obtained from hu
man white blood cells in the form of messenger-RNA molecules; the 
RNA then served as a template for the synthesis of double-strand 
molecules of copy DNA, and the DNA in turn was inserted by re
combinant-DNA techniques into a laboratory strain of the.bacteri
urn Escherichia coli, which synthesized the protein. For the assay di
lutions of an extract of the bacteria were placed in some of the wells 
of a clear plastic tray; the other wells served as controls. (The wells 
are seen through the bottom of the tray in this photograph.) Human 
cells were added to the wells and were grown to form a layer of cells 
covering the bottom of each well. A virus preparation was then added 
to the cells. Twenty-four hours later the cell layer was stained. Where 
interferon in the extracts protected the cells against the virus the cells 
survived and were stained. Where there was no interferon the virus 
killed the cells and the dead cells did not pick up the stain. The con
trol wells in the first column at the left contain a layer of cells that 

were never exposed to the virus; they accordingly appear stained. The 
control wells in the second column contain cells that have been killed 
by the virus; they look gray or clear. The control wells in the third 
column contain dilutions of a standard laboratory sample of interfer
on obtained directly from human cells; the top well has the most in
terferon and each succeeding well has a third as much interferon as 
the well above it. The wells in the next six columns hold dilutions of 
bacterial extracts from six different colonies of E. coli in which inter
feron DN A was present. Five of the six columns containing the bac
terial extracts show evidence of interferon activity. The third extract 
tested (Column 6) had no detectable interferon; it apparently did not 
have a complete interferon gene. The synthesis of human interferon 
by the recombinant-DNA method

. 
was

. 
achieved

. 
by

. 
Charles Weiss

mann and his colleagues at the Umverslty of Znrlch 1.1 collaboration 
with Kari Cant ell of the Finnish Red Cross. The work was snpported 
by Biogen, SA. Interferon is synth�sized by many animal cells, but 
it is species-specific: only human mterfe�on works for 

.
human be

ings, and it has been too scarce even for satisfactory experimentation. 
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DNA techniques for placing and main
taining a new gene in bacteria is called 
cloning, which in this sense means the 
isolation of a specific new DNA se
quence in a single organism that prolif
erates to form a population of identical 
descendants: a clone. There are two con
venient ways of doing this. In one meth
od a small circular piece of DNA called 

a plasmid is the vehicle for introducing 
the new DNA into the bacterium. Plas
mids carry only a few genes of their own 
and are maintained in several copies in
side the bacterium by the bacterium's 
own gene functions; they remain sepa
rate from the main set of bacterial genes 
carried on a circle of DNA about 1,000 
times larger. Alternatively the vehicle 

could be a virus that grows in bacteria. 
Such viruses normally have some 10 to 
50 genes of their own (a bacterium has 
several thousand genes) and can often 
carry other new DNA segments in place 
of some of their own. All the techniques 
we shall describe apply to both plasm ids 
and viruses. 

A molecule of DNA resembles a very 

EXON INTRON 

RNA 
AUGCACUACUAU 

� TRANSCRIPTION 

AUGCACUACUAU GGGUUUUAG 

NUCLEUS RNA AUGCACUACUAUAUGCACUACUAUGGGUUUUAG 

�--�l-----� 
RNA AUGCACUACUAUAUGCACUACUAUGGGUUUUAG 

I I � TRANSLATION 

P ROT EIN STOP 

AMINO ACIDS 

PROTEINS ARE MADE in a living cell according to instructions 
encoded in the cell's genes, which consist of specific sequences of 
chemical groups (bases) strung out along a double-strand molecule 
of DNA in the cell's nucleus. The genetic code is "written" in the 
four letters A, T, G and C, which stand respectively for the four bases 
adenine, thymine, guanine and cytosine. The code is "read" in the 
three-letter sets called codons, which specify the amino acids linked 
together in the protein chain. The order of the bases can also con
vey regulatory commands. In multicelled organisms the structural se
quence, or gene, encoding a particular protein is usually broken into 
fragments separated by long stretches of other DNA; in this diagram 

EcoRI 

GTGGAGGTCCCG AATT CCACAACTGGAGCTGGGTGGA 
CACCTCCAGGGC TTAAGGGTGTTGACCTCGACCCACCT 

the gene fragments, called exons, are represented by the black letters 
and the intervening sequences, known as introns, by the white letters. 
The genetic information is translated into protein indirectly. First the 
entire sequence of bases is transcribed inside the nucleus from the 
DNA to a single-strand molecule of RNA. According to the base
pairing rules governing transcription, adenine always pairs with ura
cil (U) and guanine always pairs with cytosine. Next the RNA copies 
of the introns are excised from the message and the remaining RNA 
copies of the exons are joined tQgether end to end. The reassembled 
strand of messenger RNA then moves from the nucleus to the cyto
plasm, where the actual protein-manufacturing process takes place. 

Hae III Hae III 

I 

Eco RI Hae III Haelll 

l �--=��========� l CCCACAACTGGAGCTGGGTGGA 
I 

CCGGGGATCTTC AGAGGTTGGCACTG 
G�CCCCTAGAAGTCTCCA ACCGTGAC GGTGTTGACCTCGACCCACCT 

------------
--------------------- ---------

----------

Hae III 

Ava II 

DNA CAN BE CUT into comparatively short lengths with the aid 
of restriction endonucleases, special enzymes that recognize specific 
base sequences at which they cause the molecule to come apart. For 
example, Eco RI, the first such enzyme discovered, recognizes a cer
tain six-base sequence and cuts the molecule wherever this sequence 
appears, whereas Hae III, another restriction enzyme, operates at a 
certain four-base sequence. Since the probability of finding a partic-
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Eco RI Hae III Hae III 
Hint 

ular four-base sequence is greater than that of finding a particular 
six-base sequence, one would expect Hae III to cut DNA more often 
than Eco RI. Accordingly one Eco RI site and two Hae III sites are 
represented in the DNA segment at the top, which corresponds to 
part of the gene coding for insulin in rat cells. The same DNA con
tains recognition sites for a number of other restriction enzymes, as 
is shown in the line diagram of a larger gene fragment at the bottom. 
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Whats the right wine for candlelight 
and Saturday night? 

Almaden. 
Vintage-dating makes it right. As you come to appreciate fine wines, you learn that 
there are subtle differences from one vintage year to the next. So at Almaden, we vintage
date our fine varietal wines to enhance your appreciation and enjoyment of these 
differences. We take great care to use only the best of each year's harvest. This assures 
you of superior vintage wines year after year. 

. Inc. 1980. San. Jose. California 

Almaden makes it right. 
© 1980 SCIENTIFIC AMERICAN, INC



The challenge that faces the 
automaker of the 1980's lies 
not in meeting tougher pollution 
standards, nor in coping with 
ever more restrictive safety regu
lations-not even in accommo
dating the petroleum shortages 
that are fast becoming a regular 
summer occurrence. 

No indeed. The challenge lies 
in meeting the myriad of societal 
demands and still building auto
mobiles that are worth driving. 

Pessimists darkly predict 
that it cannot be done and point 
to the depressing number 
of uninspired automobiles on the 
market as incontrovertible proof. 

© 1979 BMW of North America, Inc. The BMW trademark and logo are registered trademarks of Bayerische Motoren Werke. A.G 

Yet, fortunately, these gloomy 
predictions do not take into ac
count the inventive genius and 
the obsessive determination of 
the engineers atBMWin Munich, 
Germany to build extraordinary 
automobiles. 

Against all odds the BMW 
not only meets the demands of 
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society, it also provides the sort 
of exhilarating driving experience 
that automotive enthusiasts have 
all but given up for lost. 
A SEEMINGLY INCONGRUOUS 

COMBINATION OF 
L UXURY, PERFORMANCE AND 

EFFICIENCY 
Conventional automotive wis

dom has it that, inevitably, one 
must choose between luxury, 
performance and fuel efficiency. 
A sufficiency in any one necessi
tating a corresponding insuffi
ciency in another. 

And in the face of this, the 
BMW seems all the more re
markable for requiring no com
promise whatsoever. 

Round a particularly sticky 
curve and the legendary BMW 
suspension system-indepen
dent on all four wheels-flexes 
with an uncanny resiliency that 
makes one feel as if the car 
were built into the roadway. A 
sensation that results from highly 
advanced suspension technology 
and the virtually perfect integra
tion of man and machine. 

The BMW power plant
whether 4 or 6 cylinder-has long 
been a model for modern design. 
Press the accelerator a nd the fuel-

injected, overhead cam engine 
responds in a manner that can 
only be described as exhilarating. 

Yet, the 320i (with 5-speed 
standard transmission) delivers 
an impressivel251EPA estimated 
mpg, 36 estimated highway 
mileage and, based on these fig
ures, an estimated mpg range of 
13831miles and a highway range 
of 551 miles. 

(Naturally our fuel efficiency 
figures are for comparison pur
poses only. Your actual mileage 
and range may vary, depending 
on speed, weather and trip 
length. Your actual highway mile
age and highway range will most 
likely be lower.) 

And, while the BMW provides 
as long a list of lUXUry items as 
one could sanely require, its lux
ury is purposefully engineered to 
help prevent driver fatigue. 

Vital controls are within easy 
reach; the tachometer, speed
ometer and ancillary instruments 
are well-marked and easy to read. 

Its front seats are designed 
to hold their occupants firmly in 
place, and are so thoroughly ad
justable that it is all but a mathe
matical impossibility not to find 
a comfortable seating position. 

SAFETY BEYOND STURDY 
BUMPERS. 

At BMW, automotive safety 
was of primary concern long 
before the first bumper law was 
written. 

The passenger compartment 
is encased in a solid steel "cage." 
So strong is this construction 
that the car could be dropped on 
its nose from the fourth floor of a 
building without significant dam
age to the compartment itself. 

Yet with all its sheer strength 
-its computer-programmed 
"crush zones," its double -braking 
systems-the BMW features a 
safety device even moreestimable. 

Its exceptional responsiveness 
and ha nd ling cha racteristics give 
it the ability to avoid accidents 
as well as merely survive them. 

All in all, in a time of lowered 
automotive expectations, amidst 
increasing mediocrity, the engi
neers at BMW have actually 
improved the BMW 

If you'd care to judge for 
yourself, telephone 
your nearest BMW 
dealer to arrange a 
thorough test drive 
at your convenience. 
THE ULTIMATE DRIVING MACHINE. 

BMW, MUNICH, GERMANY 
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MESSENGER RNA 
FROM AN IMAL CELL 

I 

MESSENGER RNA 

G eDNA 

eDNA 

/ REVERSE 

t TRANSCRIPTASE 

� ALKALI 

G--�----�--�� 
eDNA 

� DNA POLYMERASE 

( --------------� 
� S1 NUCLEASE 

DOUBLE-STRAND DNA 

/ TERMINAL 

t TRANSFERASE 

BACTERIAL P LASMID DNA 

� Pst 

/TERMINAL tTRANSFERASE 

��d� ______________ � ____ �fcee, Ieee 

\ 
MIX AND 
ANN EAL 

/ �����E:: CELL; 

t CELLULAR ENZYMES 

RECOMBINANT-DNA TECHNIQUE for making a protein in bacteria calls for the insertion 
of a fragment of animal DNA that encodes the protein into a plasmid, a small circular piece of 
bacterial DNA, which in turn serves as the vehicle for introducing the DNA into the bacterium. 
The plasmid DNA is cleaved with the appropriate restriction enzyme and the new DNA se
quence is inserted into the op�ening by means of a variety of enzymatic manipulations that con
nect the new DNA's ends to those of the broken plasmid circle. In the procedure illustrated 
here, for example, a special enzyme, reverse transcriptase, is first used to copy the genetic infor
mation from a single-strand molecule of messenger RNA into a single strand of copy DNA. 
The RNA template is then destroyed, and a second strand of DNA is made with another en
zyme, DNA polymerase. Still another enzyme, 51 nuclease, serves to break the covalent linkage 
between the two DNA strands. In the next step the double-strand DNA is joined to the plasmid 
by first using the enzyme terminal transferase to extend the ends of the DNA with a short se
quence of identical bases (in this case four cytosines) and then annealing the DNA to the plas
mid DNA, to which a complementary sequence of bases (four guanines) has been added. Bac
terial enzymes eventually fill the gaps in the regenerated circular DNA molecule and seal the 
connection between the inserted DNA and the plasmid DNA. The particular plasmid used by 
the authors to make rat pro insulin in bacteria, designated pBR322, incorporates two genes that 
confer resistance to two antibiotics: penicillin and tetracycline. The plasmid is cleaved by the 
restriction enzyme Pst at a recognition site that lies in the midst of the gene encoding penicillin
ase (the enzyme that breaks down penicillin). The added DNA destroys this enzymatic activity, 
but the tetracycline resistance remains and is used to identify bacteria containing the plasmid. 
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long, twisted thread. A bacterium has 
one millimeter of DNA in a continuous 
string of some three million bases folded 
back and forth several thousand times 
into a space less than a micron (a thou
sandth of a millimeter) across. In human 
cells the DNA is packed into 46 chro
mosomes, each one containing about 
four centimeters in a single piece, the 
total amount corresponding to about 
three billion bases. How can one find 
and work with a single gene only a few 
thousand bases long? Fortunately na
ture has devised certain enzymes (pro
teins that carry out chemical reactions) 
that solve part of the problem. These 
special enzymes, called restriction endo
nucleases, have the ability to scan the 
long thread of DNA and to recognize 
particular short sequences as landmarks 
at which to cut the molecule apart. 
Some 40 or 50 of these enzymes are 
known, each of which recognizes differ
ent landmarks; each restriction enzyme 
therefore breaks up any given DNA re
producibly into a characteristic set of 
short pieces, from a few hundred to a 
few thousand bases long, which one can 
isolate by length. 

One can clone such DNA pieces in 
bacteria. As a first step one purifies the 
circle of plasmid DNA. The sequences 
of the plasmids are such that one of 
the restriction enzymes will recognize a 
unique site on the plasmid and cut the 
circle open there. One can insert a cho
sen DNA fragment into the opening by 
using a variety of enzymatic techniq ues 
that connect its ends to those of the cir
cle. Ordinarily this recombinant-DNA 
molecule could not pass through the 
bacterial cell wall. A dilute solution of 
calcium chloride renders the bacteria 
permeable, however; in a mixture of 
treated cells and DNA a few bacteria 
will take up the hybrid plasmid. These 
cells can be found among all those that 
did not take up the DNA if a gene on the 
plasmid provides a property the bacteri
um must have to survive, such as antibi
otic resistance. Then any bacterium car
rying the plasmid will be resistant to the 
antibiotic, whereas all the others will be 
killed by it. When one spreads the mix
ture of bacteria out on an agar plate con
taining nutrients and the antibiotic, each 
single bacterium with a plasmid will 
grow into a separate colony of about 
100 million cells. A single colony can be 
chosen and grown further to yield bil· 
lions of cells, each of which contains 
identical copies of the new DNA se
quence in a recombinant plasmid. 

The Sequencing of DNA 

The procedures we have outlined so 
far are followed in "shotgun" cloning 
experiments. One breaks up the DNA of 
an animal cell into millions of pieces 
and inserts each piece into a different 
bacterium. In this way a number of col
lections of all the fragments of human, 
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The one-chip computer: 
offspring of the transistor 

The MAC-4 one-chip computer, developed for a variety 
of telecommunications applications, is compared to a 
standard-sized paper clip. The chip's numerous functional 
areas are labeled. 
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One of the transistor's latest 
descendants is the Bell System's 
30,000-element MAC-4 "com
puter-on-a-chip." It's another in 
a long line of microelectronic 
developments that have come 
from Bell Laboratories. 

The MAC-4 is so efficient that 
a program written on it takes 
25 percent less storage space than 
that required by most other 
microcomputers. Its assembler 
language, C, also developed at 
Bell Labs, has features that make 
MAC-4 easier to program, debug 
and maintain. And the MAC-4 
can handle anything from nibbles 
to bytes to words with its 4-, 8-, 12-, 
and 16-bit operations capacity. 

Like other one-chip computers, 
the MAC-4 has sufficient memory 
to support its varied tasks-
3000 nibbles of read-only memory 
and 200 nibbles of random access 
memory coupled to 34 input/out 
put ports. 

Fabricated with the latest 
CMOS technology, the MAC-4 
needs little power. Thus it is well 
matched to a variety of telecom
munications applications. 

It started with the transistor 
MAC-4 is just one current 

example of the many micro
electronic devices to come from 
Bell Labs since we started the 

solid-state revolution with the 
invention of the transistor in 1947. 

Over the past three decades, our 
advances in materials, processing, 
and devices have been vital to 
solid-state technology. These 
include: 

• The Junction Transistor 
• Crystal Pulling 
• Zone Refining 
• Field-Effect Transistor 
• Diffusion 
• Solar Cell 
• Oxide Masking 
• Thermocompression Bonding 
• Photolithography 
• Epitaxial Film Process 
• Magnetic Bubble Memory 
• Charge-Coupled Device 
• Semiconductor Heterostructure 

Laser Used in Lightwave 
Communications 

• Electron-Beam Exposure 
System 

Today and tomorrow 
Today, we continue to make 

important contributions to solid
state technology. For example, 
we've developed a rugged 
65,536-bit RAM that can tolerate 
processing faults. Corrections can 
be made on the chip itself, so we 
can get more usable chips out of 
each manufacturing batch-and 
thus lower unit costs. 

In materials processing, we've 

developed a technique for 
precisely controlling the growth 
of successive atomic layers of 
single crystal materials. This 
"molecular beam epitaxy" process 
is finding increasing use within 
Bell Labs and elsewhere in the 
electronics industry. We've used 
it to fabricate a device that 
permits us to double the sI1eed 
of electrons by channeling them 
into crystal layers where they 
meet less resistance. 

Other advances, in X-ray 
lithography and new resist 
materials, for example, promise 
to help place more elements on 
microelectronic devices and thus 
enhance their ability to perform 
important tasks. 

As the solid-state revolution 
continues, these and other 
developments from Bell Labs will 
play an important part in it. 
What's important to us is the 
promise these advances offer for 
new telecommunications products 
and services. Like the transistor, 
MAC-4 and its solid-state 
relatives will find more and more 
applications in the nationwide 
telecommunications network. 

For info,omation about employment, write: 

Bell Laboratories, Room 3C-303, 
600 Mountain Avenue, 
Murray Hill, N.J. 07974. 

Please include a ,oesumeo 

An equal opportunity employer. 

@ Bell Lab oratories 

From Science: Service 
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SEQUENCING OF DNA, in the method devised by one of the authors (Gilbert) and Allan M. 
Maxam, begins with the attachment of a radioactive label to one end of each strand of double
strand DNA (I)� The strands of trillions of molecules are separated (2) and a preparation of one 
of the two kinds of strands is divided among four test tubes (3). Each tube contains a chemical 
agent that selectively destroys one or two of the four bases A, T, G and C, thereby cleaving the 
strand at the site of those bases; the reaction is controlled so that only some of the strands are 
cleaved at each of the sites where a given base appears, generating a set of fragments of differ
ent sizes. A strand containing three G's (4), for example, would produce a mixture of three ra
dioactively labeled molecules (5). The reactions break DNA at the G's alone, at the G's and the 
A's, at the T's and the C's, and at the C's alone. The molec\!les are separated according to 
size by electrophoresis on a gel; the shorter the molecule, the farther it migrates down the gel 
(6). The radioactive label produces an image of each group of molecules on an X-ray film (7). 
When four films are placed side by side (8), the ladderlike array of bands represents all the suc
cessively shorter fragments of the original strand of DNA (9). Knowing what base or pair of 
bases was destroyed to produce each of the fragments, one can start at the bottom and read off 
a left-to-right sequence of bases (IO), which in turn yields the sequence of the second strand. 
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mouse, rat and fly DNA have been 
made. One can determine the structure 
of any one of these cloned DNA's by 
breaking up the hybrid plasmid with a 
restriction enzyme, separating the re
sulting DNA fragments, determining 
the base sequence of each of the frag
ments and then putting the sequences 
together to deduce the entire structure 
of the cloned DNA. 

There are two methods for sequenc
ing DNA. Both exploit reference points 
created by restriction-enzyme cleavagc 
of the DNA at a specific short sequence 
and then work out the rest of the se
quence by measuring the distance of 
each base from that cut. They do this 
by creating a set of radioactively labeled 
molecules, each of which extends from 
the common point to one of the occur
rences of a specific base. When these 
molecules are separated by size and de
tected by their radioactivity, the length 
of the smallest one shows the position of 
the first occurrence of that base; longer 
molecules correspond to later occur
rences. The pattern created by the anal
ysis of these molecules looks like a lad
der. From the positions of the rungs one 
reads off the lengths. By comparing four 
such patterns one reads off a sequence. 

One technique, devised by Allan M. 
Maxam and one of us (Gilbert), makes 
use of ¢emical reagents that detect the 
different chemical properties of the bas
es and break the DNA there. To gener
ate the set of fragments the reactions are 
done for a short time, so that the mole
cule is broken only occasionally instead 
of everywhere the base occurs; different 
molecules will be broken at different 
places. Four different sets of reagents 
are used to generate the four patterns. 
The radioactive label is attached direct
ly to the end of the particular restriction 
fragment one wants to sequence, so that 
only the molecules stretching from the 
labeled end to the break are detected by 
their radioactivity. 

The other sequencing method, de
vised by Frederick Sanger of the British 
Medical Research Council Laborato
ry of Molecular Biology in Cambridge, 
makes a DNA copy with an enzyme and 
stops the sequential synthesis, and hence 
the elongation of the copy, by blocking 
the movement of the enzyme at a specif
ic base. Here the radioactive label is in
corporated into the newly synthesized 
molecule in four different reactions. 
Both methods can provide the sequence 
of from 200 to 300 bases in a single ex
periment. One of the small plasmids in
volved in our cloning experiments was 
sequenced in a year by Gregory Sut
cliffe, who worked out the order of the 
4,357 bases on one strand and checked 
them by working out the complementa
ry strand. 

Any DNA region carried on a plas
mid can be isolated and sequenced. 
The difficulty is not in determining the 
sequence but in obtaining the specific 
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DNA fragments needed. The recombi
nant-DNA technique serves almost as a 
microscope to isolate and to magnify, 
by making many copies, a DNA region, 
but one does not want to look through a 
million bacteria to find a specific gene. 
The fundamental problem, which has 
no general solution, is to place only 
the desired DNA sequence-the desired 
structural gene-in a bacterium. 

Getting the Right Gene 

One straightforward approach is suit
able for very small proteins. The amino 
acid sequence and the genetic code will 
predict a sequence of bases that can 
specify those amino acids. One can then 
chemically synthesize a corresponding 
DNA molecule. Exactly this was done 
by Keiichi Itakura and his co-workers at 
the City of Hope National Medical Cen
ter in Duarte, Calif., who constructed a 
DNA sequence 42 bases long that dic
tates the structure of somatostatin, a 
small hormone consisting of 14 amino 
acids. The longer the stretch of DNA, 
however, the harder it is to make; the 
synthesis of a stretch of DNA 100 bases 
long is extremely difficult. Many small 
hormones consist of from 50 to 100 ami
no acids, and enzymes and other pro
teins range from 200 to several thou
sand amino acids in length. Further
more, one does not know the amino 
acid sequence of many interesting pro
teins. (Indeed, the amino acid sequence 
of some of these proteins has become 
available only through the sequencing 
of cloned DNA.) 

The desired structural gene is present, 
of course, somewhere on the DNA of 
the animal cell. The problem is to find 
it, but even if that were possible, the 
structural information would be broken 
up (as we mentioned above) by long 
stretches of other DNA. The informa
tion does exist in a continuous form, 
however, on the messenger RNA. More
over, different cells sl?ecialize in the syn
thesis of different proteins, so that the 
appropriate tissue will contain the de
sired messenger RNA along with other 
messengers for the common proteins 
made by all cells. Insulin, for example, 
is made by the beta cells of the pan
creas; those cells contain insulin messen
ger RNA and other cells do not, even 
though the insulin gene is present in the 
DNA of every cell. 

The task is then to convert the desired 
structural information from the cell's 
messenger RNA into DNA, which can 
be cloned. For this one takes advantage 
of a special enzyme, reverse transcript
ase, that can copy a single strand of 
RNA to make a complementary strand 
of DNA. (The enzyme is found in cer
tain RNA viruses that reverse the nor
mal DNA-to-RNA transcription. Such 
viruses depend on RNA rather than 
DNA to carry their information from 
one cell to another and convert the RNA 

THE MOORE COUNTY JAIL is only one 
of the sights you'll see in Lynchburg, Tennessee. 

There's a lunchroom called the White Rabbit 
that used to be a turn-of-the-century saloon. 
There's a store where they sell walking-sticks, 
whittling kits and Tennessee hams. And 
naturally there's Jack Daniel Distillery 
where smooth-sippin ' Tennessee Whiskey 
is made. If you're coming this way, 
we hope you'll spend time in all our 
nice places. Excepting, of course, the 
Moore County Jail. 

Tennessee Whiskey· 90 Proof· Distilled and Bottled by Jack Daniel Distillery, 
Lem Motlow, Prop., Inc., Route 1, Lynchburg (Pop. 361), Tennessee 37352 

Placed in the National Register of Historic Places by the United States Government. 
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back into DNA with the help of reverse 
transcriptase after they infect a new 
cell.) One takes this strand of comple
mentary DNA, called copy DNA, and 
makes a second strand of DNA with 
the more usual DNA-copying enzyme. 
The resulting double-strand cDNA frag
ments are more or less complete copies 
not only of the desired messenger RNA 
but also of all the other messenger 
RNA's that were present in the tissue. At 
best, however, only a few of the DNA 
fragments contain all the wanted struc
tural information. Even in those frag
ments the regulatory, signals that sur
round the structural sequences refer to 
translation in the animal cell, not in bac
teria, and (since the DNA was made 
from RNA) there will be no transcrip
tional commands. Although the cDNA 
can be cloned, two problems remain: to 
detect any clones containing the sought
after structural DNA fragment and to 
provide the appropriate signals. 

Finding the Right Clone 

It is simple to find the right clone if the 
experiment began with a pure messen
ger RNA. One can detect matching se
quences by the process called hybridiza
tion. The two strands of a DNA mole
cule can be separated by heating, which 
breaks the weak bonds that hold the two 
strands together without breaking the 
strong chemical bonds between bases 
along the chain. When a mixture of such 
strands is cooled, those sequences that 
match will find each other. The first 
step of this process is called denatura-

2 

� tZB 

tion, the second step reannealing. The 
same process serves to identify sequence 
matches between RNA and DNA. 

One grows bacterial colonies on a disk 
of cellulose nitrate paper, breaks open 
the bacterial cells where they lie and fix
es the released DNA to the paper. When 
the DNA is denatured and reannealed to 
radioactive RNA, only the remains of 
those colonies that contained a plasmid 
whose sequence matches the messenger 
become radioactive. Since one keeps a 
replica (a living duplicate set of the colo
nies), one can obtain bacteria containing 
the desired DNA. One grows these bac
teria to provide material to identify, in 
further hybridization tests, other clones 
that contain the same sequence in differ
ent surroundings and may turn out to be 
more effective in producing the wanted 
protein. 

If one cannot purify the messenger 
RNA because the specific messenger is a 
small fraction of all the messengers in a 
cell, there are other ways to search for 
the DNA sequence. One useful property 
is the detailed shape of the correspond
ing protein molecule. Those shapes that 
are most different and distinctive can 
be recognized by the protein molecules 
called antibodies. Animals make anti
bodies as part of their protective re
sponse to foreign substances. If one in
jects human insulin into a guinea pig, 
for example, the guinea pig will make 
antibodies that bind to human insulin. 
These antibodies will not bind to guinea 
pig insulin because they "see" only the 
shapes that make the human protein dif
ferent. A purified antibody, then, can 

NUTRIENTS AND 
ANTIBIOTIC 

� I � 
3 

� 
1 T �"OR"m 1 /CLONES� 

RECOMBINANT PLASMIDS (color) bearing tbe inserted animal-protein genes and genes 
for resistance to tetracycline are mixed with bacteria (1). Some cells take up the plasmid. The 
m ixture of cells is spread on a culture medium containing the antibiotic (2), which kills all the 
cells that do not have the plasmid. The cells that have taken up the plasmid are antibiotic-resist
ant; they live, and each of them gives rise to a clone, a colony of genetically identical cells (3). 
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serve as a reagent to detect a particular 
protein. (This is the way vaccines work. 
If an animal is injected with an inactivat
ed virus, it is stimulated to make anti
bodies against the viral proteins. There
after the antibodies will protect the ani
mal against infection by that virus by 
binding to the virus particle and signal
ing other cells to remove the invader. 
Without the earlier stimulation the anti
body response to the invading virus is 
too slow to block the infection.) 

Even without purifying a specific 
messenger RNA one can make the RNA 
molecules function in the test tube by 
adding the machinery needed to trans
late the messengers (obtained from the 
cytoplasm of broken cells) along with 
radioactive amino acids. Among the 
small amounts of radioactive proteins 
that are synthesized one can recognize 
the protein of interest with antibodies. 
This provides a means of detecting the 
presence of a specific messenger. If one 
takes a recombinant plasmid and hy
bridizes it to the mixture of RNA's, only 
the RNA that matches a sequence in 
the plasmid will anneal to it and there
fore no longer function in translation; 
the plasmid of interest is detected by its 
ability to block the synthesis of the de
sired protein. This identification can be 
verified because the RNA bound to the 
DNA can be separated from all the oth
er RNA's and then released from the 
DNA, whereupon it will function to di
rect the synthesis of the protein. 

Regulatory Signals 

With these techniques one can clone 
and identify DNA fragments carrying 
the information that dictates the struc
ture of a protein. Will the information 
work in bacteria? 

One must provide regulatory signals 
the bacterium can use. One of them is 
the signal to start the synthesis of a mes
senger RNA; in bacteria it is a region of 
DNA immediately in front of the seg
ment of DNA that will be transcribed 
into RNA. The second important signal 
functions as part of the messenger RNA, 
telling the bacterial translation machine 
to "Start here." A�I bacterial genes have 
these two kinds of start signals (some of 
which work better than others). They 
also have two stop signals, one for trans
lation and one for transcription. A sim
ple way to make the new protein se
quence is to cut a bacterial gene open 
in its middle with a restriction enzyme 
and to insert the new DNA there. This 
results in a hybrid protein that starts 
out as some bacterial protein and then 
continues as the string of amino acids 
one wants. That is how the chemically 
synthesized gene for somatostatin was 
made to work in bacteria. The DNA 
for those 14 amino acids, followed by a 
stop signal, was inserted near the end 
of a I,OOO-amino-acid protein. After the 
bacterium made the hybrid protein the 
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A report on the great American forest. 

The all-puree-forest 
has somet6ing for everyone. 

The forest is one of the 
most useful resources the 
planet has been bl essed with, 
providing thousands of prod
ucts that are not only con
venient and pleasant but 
essential: lumber and 
building materials, paper 
products,  packaging, 
chemicals, fuel. 

But the surprising, 
bountiful forest is also a 
source of other enduring 
benefits: 

Fishing streams, for 
example. 

Nature trails. 
Swimming holes. 
A place for Sunday 

drives. 
Grazing land. 
Board and room for 

wildlife. 
Pure water. 
And escape. 

Sharing the benefits 
All these can and do coexist in the working com

mercial forests of America. (Commercial forest, as 
defined by the U.S. Forest Service, is all forestland
whether owned by individuals, government or the 
forest industry - that is capable of, and potentially 
available for, growing repeated crops of trees for har
vest. It includes land in National Forests but not in 
National Parks or Wilderness areas.) 

But demands on the commercial forest are grow
ing at an alarming rate. An expanding population 

Trees. America's 

is placing new pressures on 
the forest for recreation. 
Thousands of acres are with
drawn every year for homes, 
shopping centers and addi
tions to Wilderness. And 
of even more concern, Amer 
ica's consumption o f  wood 

and paper products is ex-
pected to double in the 

NG CAMP next 50 years. 
""" Cantheco mmer-

cial forest keep on pro
viding these multiple ben

efits indefinitely? 

The big If 
There is reason for cau

tious optimism if the tech
niques used by industry to 
grow more trees, faster, can 
be applied on all our com
mercial forestland. 

Unfo rtunately, trees are 
not growing fast enough in 

all commercial forests. Productivity is less on private
ly owned land than on industry's and is seriously lag
ging in National Forests. 

So there is a long road ahead if America is to con
tinue to receive multiple benefits from the forest. 

If you'd like to be better informed on how impor
tant it is to keep America's forests productive, write 
American Forest Institute, P.O. Box 873, Springfield, 
VA 22150 for a free booklet, "The Great American 
Forest." 

The great American forest. Trees for tomorrow. 
And tomorrow. And all the tomorrows after that. 

fe •• lrc1l.r resource. 
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CLONE CONTAINING DESIRED DNA can be found among all 
the successfully transformed clones (1) by means of RNA-DNA hy
bridization if one has a pure messenger-RNA probe for the desired 
sequence. The cells are broken open and their DNA is denatured and 

fixed to filter paper (2). The RNA probe (RNA molecules labeled with 
a radioactive isotope) is added (3). The RNA (color) will anneal to any 
DNA whose sequence it matches, forming RNA-DNA hybrids (4); 
the remainder of the RNA is washed away. The presence of the hy-

somatostatin part was cleaved off chem
ically and purified. 

Not only can the bacterial gene serve 
to provide the regulatory signals but 
also it may endow the hybrid protein 
with further useful properties. For ex
ample, a few bacterial proteins are se
creted through the membrane that sur
rounds the cell. If one inserts the animal 
DNA into the gene for such a protein, 
the bacterial part of the hybrid protein 
will serve as a carrier to move the new 
protein through the membrane so that it 
is more easily observed and purified. 

We exploited all the techniques de
scribed above to obtain a copy of the 
insulin gene and to insert it into bacteria 
to make proinsulin. Insulin is a small 
hormone made up of two short chains, 
one chain 20 amino acids long and the 
other 3 0  amino acids long. These two 
chains are init iall y part of a longer chain 

2 

of 1 09 amino acids, called prcproinsu
lin. As pre pro insulin is synthesized in 
the beta cells of the pancreas, the first 2 3  
amino acids of the chain serve a s  a sig
nal to direct the passage of the molecule 
through a cell membrane. As this hap
pens those amino acids are cleaved off, 
leaving a chain of 86 amino acids: proin
sulin. The proinsulin chain folds up to 
bring the first and last segments of the 
chain together, and the central portion is 
cut out by enzymes to leave insulin. The 
role of the central portion is to align the 
two chains comprising insulin correctly. 
If the two chains are taken apart later, 
they do not reassemble easily or effi
ciently. (In spite of these difficulties 
Itakura and his co-workers synthesized 
two DNA fragments corresponding to 
the two chains of human insulin and 
attached them separately, like somato
statin, to the same large bacterial gene in 
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RNA 
DNA FROM 
CLON E  NO. 1 

DNA FROM 
CLONE NO. 2 

RNA 

order to synthesize two separate hybrid 
proteins in two different bacteria. Then 
they cut off the two short pieces, purified 
them and put them together to form in
sulin.) 

The Proinsulin Experiment 

In our experiments we started with 
a tumor of the insulin-producing beta 
cells of the rat. (We worked with rat in
sulin because at the time we began our 
experiments the guidelines established 
by the National Institutes of Health for 
recombinant-DNA investigations would 
not allow us to insert the human insulin 
gene into bacteria; that prohibition has 
since been removed.) 

We made DNA copies of the beta-cell 
messenger RNA and put them into a 
plasmid, in the middle of a gene for 
a bacterial protein, penicillinase, that 
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HYBRID-ARRESTED TRANSLATION, a technique developed by 
Bryan Roberts of the Harvard Medical School, identifies a clone (top) 
containing the desired DNA even in the absence of a purified RNA 
probe. DNA from clones being tested (1) is denatured (2). Unpurified 
RNA (the same RNA used to make the inserted DNA) is added (3); it 
anneals to any matching DNA. Placed in a "translation system" con-

taining radioactively labeled amino acids (4), the unhybridized RNA 
directs the synthesis of radioactive proteins, but the hybridized RNA 
cannot be translated; the specific protein (color) encoded by the de
sired DNA is not synthesized in the presence of the clone containing 
that DNA (5). The presence or absence of that protein is determined 
by an antibody test. Antibody to the protein, fixed to plastic beads, 
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brids is revealed by autoradiography: a photo
graphic emulsion is placed on the filter paper 
and after exposure the clone containing the 
desired DNA is identified as a dark spot (5). 

would be secreted through the mem
brane of the bacterial cell. We looked 
among the bacterial colonies by hybridi
zation, we proved that we had the right 
hybrid plasmid by blocking the syn
thesis of insulin in a test tube as we 
described above and we sequenced the 
DNA to see exactly what part of the 
insulin gene we had. Once we had found 
one hybrid plasmid, we used it to find 
48 more by repeating the hybridization 
test. These 48 clones represented 2 per
cent of all the clones we had made. 

Would any of those clones actually 
synthesize insulin? We looked among 
the clones containing insulin DNA for 
any that were synthesizing a hybrid pro
tein part of which was proinsulin. For 
this we relied on a sensitive radioactive
antibody test. We coated plastic disks 
with antibody directed against either in
sulin or penicillinase and exposed them 
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is added and binds the protein, precipitating 
the protein out of the solution (6), which is 
poured off (7). Measurement of the precipi
tates' radioactivity (8) shows that one clone 
(top) contains the desired DNA, because it 
blocked the synthesis of the specific protein. 

AN IRISH MIST 
SETTLED OVERTHE 

EVEN ING. 

The hills roll forever. The lakes radiate light. 
The dew kisses each morning. The mist settles every 
evening. You can taste it all, and more. 

Irish Mist is the legendary, centuries old drink 
made from all this and sweetened with just a wisp 
of hea ther honey. Irish Mist can be enjoyed 

anytime, or place, or way: on the rocks; neat; or 

mixed with anything you like. 
It's a pleasing land. It's a pl easing drink. 

I�ST. THE LEG � SPIRIT. 
Importcod Irish Mist e Uqueur. 80 Proof. () lIPB Heublein, Inc., Hartford, Conn., U.S.A. 
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Actual-size reproduction of a Polacolor 8 x 1 0  hardcopy of 10, moon of Jupiter, taken by Voyager satellite. An example of remote sensing. Photo courtesy of JPL lNASA. 
All photographs taken with a Dunn Instruments 631 color camera. 
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Now, direct from your computer
big instant pictures. 

N o w  yo u r  c o m p u t e r  c a n  
i m med i ately  del iver sharp p ic
t u res i n  b r i l l i a n t  c o l o rs o n  
Polaroid 8 x 1 0  Land fi l m .  

Th is  i s  an ideal  form of hard
copy. I t  adds i m pact to you r  
g raph ic data by present ing i t  i n  
a ' iarg e, eas i ly  readable form . 
And it serves a wide variety 
of i n f o r m a t i o n a l  n e e d s  i n  
bus iness g raph ics and i mage 
process i n g  - with app l ications 
in  mappi ng , earth stud ies from 
sate l l i tes,  med ical d iag nosis ,  
c o m p u te r- a i,d e d  d es i g n a n d  
a n i mati o n ,  

T h e  p i c t u res s h o w n  h e re 
were made by new computer 
peri pherals - color cameras . 
T h ey a r e  m a n ufac t u red by 
D u n n  I nstruments and Matr ix 
Corp .  S i nce the cameras use 
standard v ideo ( RS 1 70) sig
nals ,  you can conven ient ly i n
terface them with computers 
o r color-raster based termi nals .  _ 

The Polaroid 8 x 1 0  pr int  
p rod uced by the camera is the 
h ig hest-q ua l i ty i n stant record 
ava i l a b l e .  S i n c e  y o u  rec e i v e  
you r  hardcopy i m med iately, 

you can be s u re you ' re g ett ing 
exactly the record you want ,  
exactly the way you 've seen i t  
d i s p l ayed on yo u r  m o n i to r. 
A n d  y o u  c a n  d i st r i b u te i t  at  
once i f  the d ata i s  u rg e n t l y  
n e e d e d . T h e  p i c t u r e s  a r e 
d i s t o r t i o n - f r e e ,  a n d  t h e i r 
br ig ht ,  satu rated colors y ie ld 
su perb resu lts . 

The pr int  can also record 
conti n u ous-tone i mages from 
d ig ita l  color TV s igna ls  in such 
appl icat ions as remote sens
i ng ,  a n i mat ion and geolog ical 
sound i n g . I ts resol ut ion s u r
passes the resol ut ion of pres
ent color d ig ital TV systems . 
As t h e  tec h n o l og y  of d i g i t a l  
T V  a d v a n c e s , t h e s e  l a r g e  

Polaroid pr in ts wi l l  be able to 
record even g reater deta i l  and 
more i nformation . 

The f i l m 's colors are stable ,  
so the pictu re stays fres h and 
brig ht .  The photo can be used 
as ori g i nal  art for h ig h-q ual i ty 
pr in t ing . And because of its 
8 x 1 0  size, i t  can be i nserted 
as a complete page i n  a report . 

For more i nformation or a 
d e m o n s t r a t i o n , w r i t e t o  
Polaroid Corporat ion , Dept. 
A 4 2 8 ,  5 7 5  Te c h n o l o g y  
S q u a re ,  Ca m b r i d g e ,  M ass . 
021 39 ,  Or cal l tol l -free from 
a n y w h e re w i t h i n  t h e  C o n 
ti nental U . S .  800-225- 1 6 1 8  
( I n  Massac h usetts cal l col lect :  
61 7-547-51 7 7. )  

Computer-aided design of Ie  chip from Ramtek color terminal .  
(Reduced from Polacolor 8 x 10  print .) 

Polaroid 
Instant 8x10 color film 
© 1 979 Polaroid Corporation "Polaroid" a nd  "Polacolor" � 

Typical management information graphic from Tektronix color terminal . (Reduced from P<>acolor 8 x 10 print.) 
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AFTER YOU COMPARE IT · 
FOR MILFS PER GALLON, 

COMPARE IT FOR 
COMFORT PER MIl fE. 

Load up Renault Le Car, and take advantage of more luggage 
space than you'll find in either a Ford Fiesta or Honda Civic.t 

Settle into the anatomically-contoured seats, and luxuriate in 
more passenger room than either a Civic or a Datsun 210 .t 

Pick out a really rough road, and watch Le Car 's four-wheel in
dependent suspension and standard steel-belted Michelin radials soak 
up jolts and bumps so well, they give you a smooth, level ride Motor 
Trend says "would do credit to far larger, more expensive cars :' 

Just visit one of the hundreds of Renault dealers from coast to 
coast, and take Le Car for a test-drive . 

When you read·the mileage estimates, you'll know how much a 
car costs to drive . But only after you test it on the road will you 0 
know whether or not it's worth driving. 

' Remember: Compare these 1980 EPA estimates to estimated mpg for other cars. Your mileage may vary due to speed, trip length or weather. 
Your highway mileage will probably be lower. California excluded. tBased on 1980 EPA data . 

RENAULT LE CAR 
WE BUILD MORE INTO ECONOMY CARS 

THAN JUST ECONOMY. 

© 1980 SCIENTIFIC AMERICAN, INC



to the contents of cells from each clone. 
Any insulin (or penicillinase) present in 
the cells binds to the antibody and is 
thereby fixed to the plastic disks. Then 
we applied radioactively labeled anti-in
sulin antibody to detect the presence of 
proteins with insulin shapes. One clone 
gave positive responses, both on disks 
coated with anti-insulin and on those 
coated with antipenicillinase, to radio
active antibody to insulin, thereby dem
onstrating the presence of a penicillin
ase-insulin hybrid protein. 

To see if the bacteria were secreting 
the hybrid protein we grew the clone in 
liquid culture and tried to extract the 
protein by a method that does not burst 
the bacterial cell membrane. The test 
showed the fused protein to be present 
outside the membrane: it was secreted, 
as we had hoped it would be. 

Sequencing the DNA showed that the 
DNA fragment and the details of the 
fusion were such that the structural in
formation in the clone was only for pro
insulin and did not contain the "pre" 
region. In order to make insulin we re
moved most of the bacterial protein 
and the middle segment of the proinsu
lin with the digestive enzyme trypsin. 
Would the insulin made from the bacte
ria be an active hormone? Stephen P. 
Naber and William L. Chick of the El
liot P. Joslin Research Laboratory in 
Boston tested the molecule by showing 
that it affected the metabolism of sugar 
by fat cells, as it should. 

Improving the Yield 

The amount of proinsulin made by 
the original clone was very small; we are 
currently engaged in various manipula
tions to improve the yield. Regulatory 
signals must be not only efficient but 
also optimally placed. One need not be 
satisfied with the signals that happen 
to surround preexisting bacterial genes. 
With restriction enzymes one can clip 
out small DNA fragments that carry 
only the regulatory signals and tie them 
together with a DNA-linking enzyme to 
make new combinations. One can trim 
back the ends of these fragments by nib
bling off bases with still other enzymes 
before reconnecting them. This will al
ter the spacings between the signals and 
the structural sequence. Although each 
of these manipulations generates only a 
small number of correct molecules, by 
cloning after each step one can make 
large amounts of the DNA and work out 
its sequence, and then continue the tin
kering. 

Moreover, one can synthesize short 
desired DNA sequences and tie them to 
other fragments. For example, David V. 
Goeddel and his co-workers at Genen
tech, Inc., took a piece of DNA con
taining the structural information for 
human growth hormone ( 1 68 amino ac
ids), connected it to a synthetic piece of 
DNA containing part of the translation-

al start signal and attached that combi
nation in turn to a fragment containing 
the rest of the regulatory signals. When 
this DNA construction was cloned, the 
bacteria made a protein of the shape (as 
recognized by antibodies) and size of 
growth hormone (although not yet with 
demonstrated hormone activity). 

Although we do not yet know the op
timal combinations of the DNA ele
ments for making insulin in bacteria, 
finding them is only a matter of time. 
There are other problems to be consid
ered. Often the new animal proteins are 
broken down in the bacterial cell be
cause their structure is such that en
zymes normally present in the bacteria 
can digest them. Ways have to be found 
to stabilize the proteins either by remov
ing these enzymes, by embedding the 
new protein in a hybrid protein to pro
tect it or by secreting it from the cell. 
Messenger-RNA molecules themselves 
are often unstable within the cell; modi
fications in their structure and in the 
cell itself can make them more effective 
and lead to increased protein synthesis. 
And if the number of copies of the plas
mid carrying the gene in each cell can 

be increased, more of the product w.ill 
be made. 

While we work to improve the yield of 
rat pro insulin and to purify it we expect 
to apply the same methods to the bacte
rial synthesis of human insulin. Inves
tigators in other laboratories are also 
working on the problem, and one can 
hope that eventually the manufacture of 
human insulin by bacteria will be cheap
er than the purification of insulin from 
pigs and cattle, the present sources of 
the hormone. Clearly other human hor
mones can also be prepared by these 
proced ures. What other therapeutic pro
teins might be made in bacteria? In gen
eral any human protein that cannot be 
obtained in useful form from animals is 
an excellent prospect. 

Other Proteins from Bacteria 

Many genetic diseases are caused by 
the lack of a single protein. Replace
ment therapy may be possible if such 
proteins can be made in bacteria. Vac
cines against viral or parasitic infections 
are a further wide class of possibilities. 
Today in order to make a vaccine one 

PLASTIC DISK ANTIBODY AGAINST INSULIN 

2 

3 

4 
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CLONE INSULIN ANTIGENS 

! 

RADIOACTIVE-ANTIBODY TEST, developed by Stepbanie Broome and one of the au
thors (Gilbert), is used to search among the bacterial clones containing insulin DNA for signs 
that insulin is indeed being synthesized. A plastic disk coated with an anti-insulin antibody is 
first exposed to the contents of cells from each clone (1). Any insulin present in the cells is 
bound to the antibody (2) and thereby fixed to the plastic disk (3). Radioacti"ely labeled anti
body (color) to insulin is then applied to the disk in order to detect the presence of the pro
tein (4, 5). When the test is repeated with a plastic disk coated with an anti penicillinase anti
body, only a hybrid protein, part penicillinase and part insulin, will bind the labeled antibody. 
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must be able to grow the disease organ
ism in large amounts; often this is im
possible or dangerous. Furthermore, the 
vaccine must be rendered harmless be
fore it is administered, which can be dif
ficult. The new technology offers the 
chance to make in bacteria only the pro
tein against which the antibody response 
needs to be directed. This would elimi
nate any need to work with the intact 
disease organism. For example, the hep
atitis B virus, which causes serum hepa
titis, cannot be grown outside the body. 
The only source of this small DNA virus 
is the blood of infected human beings. 
The DNA of the virus has now been 
cloned in several laboratories and its 
complete sequence has been worked 
out, revealing the structure of the viral 
proteins; now the proteins are being 
made in bacteria. A flood of new infor
mation has resulted from this work. 

A particularly promising candidate is 
interferon, a protein cells make to block 
viral infections quickly. (The antibody 
response is much slower.) Interferon ap
pears to be the body's first line of de-

c 
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TETRACYCLINE· 
RESISTANCE GENE 
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fense against viruses. It may also have a 
therapeutic effect in some cancers. Inter
feron has never been available in suffi
ciently large amounts, however, to de
termine how effective it might really be 
in protecting against disease. The ability 
to test the activities of human interferon 
will soon be a reality because the protein 
has now been made in bacteria. Weiss
mann, with his colleagues Shigekazu 
Nagata, Hideharu Taira, Alan Hall, 
Lorraine Johnsrud, Michel Streuli, Jo
sef Ecsodi and Werner Boll, along with 
Kari Cantell of the Finnish Red Cross, 
applied many of the techniques we have 
described to clone and to express this 
protein. The problem they faced was 
that the messenger RNA for interferon 
is far rarer than the one for insulin, even 
in white blood cells that have been stim
ulated by infection with a virus to make 
interferon. They took messenger RNA 
from these white blood cells ( 17 liters at 
a time), made double-strand cDNA and 
cloned it by the procedures we have de
scribed. 

They looked through some 20,000 
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� 
RAT INSULIN WAS OBTAINED by the authors from a hybrid protein composed of part of 
the bacterial penicillinase molecule and a molecule of proinsulin, an insulin precursor. The map 
of the plasmid that served as a vehicle, pBR322 (a), shows the location of the genes for the 
two enzymes conferring antibiotic resistance and the site of cleavage by the restriction enzyme 
Pst. The next map (b) shows the structure, as determined by DNA sequencing, of the recom
binant plasmid in the bacterial clone that synthesized proinsulin. The proinsulin sequence (col
or) lies between two Pst sites that were regenerated in the insertion process. The hybrid protein 
synthesized by the clone (c) comprises most of the penicillinase and also the proinsulin molecule 
(color); broken lines represent disulfide bonds. The authors cut away most of the penicillinase 
and the middle segment of the proinsulin (light color) to make biologically active insulin (d). 
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clones (in batches) by hybridizing the 
plasmid DNA from the clones to the 
messenger RNA of the white blood 
cells, isolating the RNA that annealed 
and checking the RNA to see if it was 
able to direct the synthesis of interfer
on (not in the test tube but by injecting 
the RNA into a particularly large cell, 
a frog's egg). Fortunately interferon is 
a remarkably potent substance, and so 
the amount synthesized in the frog's egg 
could be detected by its ability to protect 
cells against viruses. 

Once Weissmann and his colleagues 
had found a batch of clones that could 
hybridize to interferon messenger RNA 
they tested progressively smaller groups 
of those clones to find the correct one. 
Then, with that clone as a probe, they 
found other clones by means of hybrid
ization testing. Finally they tested ex
tracts of the bacteria carrying the inter
feron DNA (inserted into the penicillin
ase gene) directly to see if any of the 
bacterial clones made biologically active 
interferon. A number of clones did, con
firming that the interferon structural 
DNA had been correctly identified. The 
sequencing of the DNA of those clones 
will determine the structure of interfer
on, which is still not known. 

The amount of interferon made in the 
bacteria was extremely small: only one 
or two molecules per cell. (Bacterial 
proteins are usually made in from 1,000 
to 100,000 copies per cell.) We are confi
dent that the methods we have described 
will solve this problem and lead to the 
production of enough interferon for 
clinical tests. 

The Recombinant-DNA Debate 

The development of the genetic-engi
neering techniques described in this arti
cle was greeted, over the past decade, 
with both excitement and alarm. The 
possible benefits of the techniques were 
obvious, but some people felt there was 
reason for concern. Biologists called for 
an evaluation of the possible hazards of 
this research; the result was an unprece
dented national and international effort 
in which the public, governments and 
the scientific community joined to moni
tor research activities. New knowledge 
about the properties of genes and the 
behavior of the bacteria used in this 
work (usually Escherichia coli) has led to 
a steady lessening of these concerns and 
to a relaxation of the guidelines that 
once restricted such experiments. In ret
rospect, with the advantage of hindsight, 
the concerns about hypothetical haz
ards seem to have been unwarranted. 
We know of no adverse effects from 
this research. The great potential of the 
new techniques, both in promoting the 
growth of basic knowledge and in mak
ing possible the synthesis of products of 
direct benefit to society, is much closer 
to realization than seemed likely only a 
few years ago. 
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The World's First Solar-Electric Community 

This Indian village Is Sun- Powered 
with the help of LEAD 

The Papago I ndian v i l lage of Schuch u l i ,  Arizona 
gets a l l  of its e lectricity di rectly from the sun and 
stores the excess i n  a huge lead-acid battery .  

The upper left photo shows the v i l lage's solar cel l  
array f ield which has 1 92 photovoltaic power mod
ules that convert sunl ight d i rectly i nto e lectricity. This 
gives Schuchul i 's 96 residents more than enough 
power for 15 refrigerators, a com munity washing 
mach i n e ,  sewi ng m ac h i n e  and 5 , 000 g a l l o n - per
day water pump,  p lus l ighting for the v i l lage's 1 5  
homes, church , feast house and domestic services 
bui ld ing.  

The excess e lectrical energy is stored in  a battery 
system, having 53 lead-acid cel ls in series, which 

supplies power when the sun isn't  sh in ing.  The up
per right photo shows David Santos, Vi l lage Chair
m a n ,  f l a n ked by t h e  battery system which was 
special ly' designed by C & D Batteries Div. of E ltra 
Co. for this purpose. 

The Schuchul i  Photovoltaic Vi l lage Power Project 
was funded primarily by the Department of Energy 
and managed by the NASA Lewis Research Center. 
The U . S .  Publ ic Health Service adm i n i stered local 
port ions of the project. The power system was in
stalled by the Papago Construction Company and 
the pole- l ine  d istr ibution system was erected by the 
Papago Tribal  Uti l i ty Authority. 

Lead i s  a vital material for today and for the future. 

ST.JOE 
L E A D  C O M PA N Y  
DIVISIon 01 Sl Joe Minerals CorporatIOn 

7733 Forsyth Blvd .. Clayton. Mo. 63105 (314) 726-9500 
A BASIC S O U R C E  

9 5  
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I DEAS AT WORK FOR YOU 

A plane that makes 
peace with its 
neighbors. 
The jetl i ner streaks down the runway 
and soars skyward. Below, babies 
nap on, outdoor conversat ions 
conti nue, undisturbed by the muffled 
hush of the jet's engi nes. 

Th is is  the new DG-9 Super SO. 
On takeoff and land i ng, its eng i nes 
are only half as loud as those on com
parable ai rcraft. The h igh-noise area 
around the ai rport for a Super SO is 
shrunk to one-fifth the s ize of that pro
duced by other narrow-body jetl i ners. 

The Super SO brings welcome peace 
to ai rport neighborhoods; and to 
a i r l i nes, the lowest fuel cost per seat 
mi le  of any jetl i ner, up to its maximum 
range. watch for the new Super SO, 
entering service later this year. 

Find out what's bugging you -fast. 
In the hospital med ical lab, where 

minutes count in detect ing and 

identifying d isease, doctors have 
a powerful new al ly. Our Vitek 
Automicrobic® System p inpo i nts 
i nfectious microbes 50 to SO percent 
faster than conventional test ing.  The 
system also suggests the most 
effective ant ib iotic. 

Qu ick, ac�urate d.,iagr)osis  for you 
at a lower cost to the hospital . That's 
something we can al l  feel good about. 

Carve metal with a computer. 
Countless products of America's 

manufacturers take form from shape
less slabs of metal . Our Actrion ® I I I  
guides the cutti n g  bits of a mach ine tool 
with accuracy, rel iabi l ity, and economy 
of operation that's unmatched by any 
other machine control .  

If you're shap i ng new products for 
market, ask us to hel p. 

ItIICDONNELL 
DOUGLAS 

A plane that hides just yards from 
the action. 

The AV-S B is  bui l t  to del iver Quick, 
effective close-air  support to Mari nes 
on the ground. It can wait in a 
cleari ng -it needs no runway-l iteral ly 
yards behi nd the l i nes. When the 
cal l comes, it r ises stra ight up to streak 
off and str ike with up to 9000 pounds 
of mun it ions. Then returns to its 
h i d i ng place to await another cal l .  

The AV-S B. B e  g lad it 's o n  our side. 

At McDonnell Douglas, ours is a world of 
ideas. In flight, health care, manufacturing, 
energy, data processing, communications, 
and a dozen other fields. To learn more 
about our ideas at work for you, write 

McDonnell Douglas, Box 14526, Sf. Louis, 
M0 631 78. 

A JOB? LETS SWAP RESUMES. SEND YOURS. WE'LL SEND OURS AN EQUAL OPPORTUN ITY EM PLOY E R .  WRITE: BOX 1 4 526,  ST LOUIS. MO 63 1 78 
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Metallic Glasses 
In composition they are metallic, but they have the noncrystalline 
atomic structure typical of a glass. Such a material can be prepared 
by cooling a molten alloy at a rate of a million degrees per second 

by Praveen Chaudhari, Bill C. Giessen and David Turnbull 

ltglaSS is a solid that can be regard
ed as a stop-action photograph 
of a liquid. In general when a 

liquid freezes, the atoms or molecules 
come to rest only after taking up posi
tions in an orderly array: a crystal. As a 
result the configuration of the atoms in 
the solid is much different from that in 
the liquid, and extensive rearrangement 
must take place during solidification. In 
the formation of a glass, on the other 
hand, the atoms of the liquid essentially 
stop in their tracks. Thus it is not only 
the material itself that is frozen in a glass 
but also the very configuration of the 
atoms. Unlike the crystalline solid, the 
glass has no discernible long-range or
der; it is amorphous. 

The familiar glasses are silicates, or 
compounds of silicon and oxygen. It was 
long thought that most other substances, 
notably the metals, could not be made 
to solidify in the glassy state but would 
invariably assume a crystalline form. 
There is now abundant evidence to the 
contrary: dozens of metallic alloys have 
been prepared as glasses. On casual in
spection they have little resemblance 
to ordinary glass; for example, most of 
them are not brittle, and they are not 
transparent to visible light. In their mi-

- croscopic structure, however, they are 
unmistakably amorphous. Over distan
ces of more than a few atomic spacings 
there is no regularity or periodicity in 
the positions of the atoms. Determin
ing how best to describe this microscop
ic structure is one of the most active 
areas of investigation in the study of the 
new materials. 

If the metallic glasses are not much 
like silicate glasses, they also differ in 
significant ways from crystalline metals. 
Some of the glassy alloys may have dis
tinctive chemical or mechanical proper
ties, such as resistance to corrosion or 
high strength combined with ductility. 
Also of interest are their electrical and 
magnetic properties, for which certain 
applications can already be envisioned. 
For example, some of the alloys might 
make a suitable medium for magnetic 
"bubbles," the isolated domains of re
verse magnetization that can serve to 
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store information in a computer memo
ry system. Another possible application 
is in the magnetic core of a power trans
former, which is now made of magneti
cally soft iron in a crystalline phase. The 
adoption of a metallic glass might re
duce the energy loss that results from 
the continual reversal of the magnetic 
field in the core. 

Experience has shown that for any sol
id material there is .always at least 

one crystalline phase that is stabler than 
the amorphous state. In other words, 
the crystalline form is favored thermo
dynamically (it is said to have a lower 
free energy) and so any glass will tend 
to crystallize spontaneously. That is true 
even of the silicate glasses, although at 
room temperature their rate of crystalli
zation is nil. The silicate glasses crystal
lize so slowly because their atoms are 
interconnected by a network of covalent 
chemical bonds, each bond being direct
ed from one atom to another. In· order 
for the atoms to rearrange themselves 
in a crystal lattice many of the bonds 
would have to be broken and then re
established in another configuration. 
Hence although the free energy of the 
crystal would ultimately be less than 
that of the glass, a substantial input of 
energy would be needed to effect the 
transition. 

The chemical bonding of the atoms in 
a metal is more diffuse than that in the 
silicates or in similar insulating materi
als. Individual bonds are not strongly 
directed from one atom to another; in
stead the solid coheres through a mutual 
interaction of many positively charged 
ions and negatively charged electrons. 
As a result of the less directional bond
ing of a metal a crystal could be recon
structed from a metallic glass with a 
smaller investment of activation energy. 
It was for this reason that the prospects 
for solidifying metals in an amorphous 
state were considered remote. 

For a glassy material to form it must 
be cooled to a temperature below a cer
tain threshold called the glass tempera
ture, which varies from one substance to 
another. Above the glass temperature, 

in the undercooled liquid phase, the at
oms are free to make extensive transla
tional movements; below that tempera
ture they are immobilized except for vi
brational motions about their average 
positions. Thus it is only at the glass 
temperature that the configuration of 
the atoms becomes frozen in an amor
phous solid structure. It therefore ap
pears that the most straightforward way 

. to make a glass is to cool a liquid to 
below its glass temperature. 

The trouble with this procedure is 
that for all known substances the glass 
temperature lies well below the freezing 
point, where crystallization can begin. 
To be more precise, the glass tempera
ture lies below the liquidus temperature, 
where the liquid and crystal phases of 
the material can exist in equilibrium. As 
a result when the liquid is cooled, it 
crystallizes long before the glass has a 
chance to form. 

The principal method for making me
tallic glasses overcomes that problem 
by a simple strategy. When a liquid is 
cooled through the liquidus tempera
ture, crystallization does not begin ev
erywhere at once. Aggregates of a few 
atoms each, called nucleation centers, 
must first be assembled in the crystalline 
configuration. These centers then grow 
by accretion until the entire volume of 
the material has solidified. The forma
tion and growth of nucleation centers 
requires a certain amount of time. The 
strategy for creating a metallic glass is to 
cool the liquid rapidly from above the 
liquidus temperature to below the glass 
temperature. If the passage through the 
intervening region is fast enough, there 
will not be time for crystals to form. 

The first unequivocal demonstration 
that a metal could be quenched from a 
molten state to a glassy one was made 
in 1960 by Pol Duwez and Ronald H. 
Willens and their colleagues at the Cal
ifornia Institute of Technology. The 
principle underlying their technique for 
making metallic glasses is still employed 
today in a method called melt-spinning. 
A jet of molten metal is driven onto the 
surface of-a rotating metal disk or cylin
der, which is held at room temperature 
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or below. The liquid is thereby drawn 
into a film no thicker than a few ten
thousandths of an inch. Because the film 
is so thin, because it is in intimate con
tact with a heat sink of comparatively 
large volume and because metals have 
an inherently high thermal conductivity, 
the metal cools and solidifies extremely 
fast. In round numbers, the metal can be 
cooled by 1,000 degrees Kelvin in a mil
lisecond, which is equivalent to a rate of 
a million degrees per second. 

By means of such rapid cooling Du
wez and his co-workers solidified an al
loy of gold and silicon with the compo
sition AUS1Si19 in a form that appeared 
to be amorphous. Later investigation 
established the noncrystallinity of the 
material more conclusively. Their re
sults stimulated much of the subsequent 
work on glassy metals, which has led 
to the discovery of many other alloys 
that can be quenched to a glassy state 
in much the same way. 

Amorphous metals can be formed by 
other methods as well, which do not 
require that the molten metal pass 
through the liquidus temperature. For 
example, an amorphous film can be de
posited on a cold surface from a solu
tion of metal ions or from a metal vapor. 
Indeed, such films had been observed 
even before Duwez' work, although 
their amorphous nature had not been 
firmly established. An amorphous solid 
can also be created by irradiating a crys-

RAPID QUENCHING of a molten alloy freezes the metal in a glassy, 
or amorphous, state. The metal, an iron alloy, is melted in a quartz 
tube by radio-frequency currents induced by the coil at the left. Pres
sure is then applied, and the metal squirts through a small opening 
onto the surface of a copper cylinder rotatiug at some 3,000 revolu
tions per miuute. The metal is drawn into a film a few thousandths of 

an inch thick, which solidifies in less than a millisecond and peels 
from the rotor. The ribbon of metallic glass is the bright, wavering 
streak; the sparks are fragments or droplets of metal thrown from the 
spinning rotor. The photograph was made by Fritz Goro in the labo
ratory of one of the authors (Chaudhari) at the Thomas 1. Watson Re
search Center of the International Business Machines Corporation. 
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CRYSTALLINE AND AMORPHOUS SOLIDS are similar in density, or average number of 
atoms per unit volume, but differ in the arrangement of the atoms. The structures of the solids 
are represented here by projections of the positions of the atoms onto a plane, as if the solids 
were illuminated by parallel rays of light and only the shadows were visible. In the crystal the 
structure is periodic over large distances; knowing the positions of only a few atoms, one could 
specify the positions of all the atoms throughont the crystal. In the amorphous solid there is 
no periodic structure, although the positions of the atoms are not entirely random. Order in 
the arrangement of the atoms extends over a short range only. Knowledge of the coordinates 
of the atoms in one region would be of no help in specifying the positions of distant atoms. 
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talline metal with high-energy particles, 
which disrupt the lattice of atoms. 

It has been argued on occasion that 
the term "glass" should be reserved for 
materials formed by the continuous so
lidification of a molten substance. By 
that definition amorphous metals creat
ed by condensation or irradiation would 
not qualify as glasses. It now appears, 
however, that the amorphous materials 
formed by these various means are sim
ilar in their structures and properties. 
We therefore see little reason for pre
serving a distinction in nomenclature, 
and here we shall refer to all these mate
rials as glasses. 

Adistinguishing characteristic of ordi
nary freezing (the transition from 

a liquid phase to a crystalline one) is 
that for pure substances it takes place 
discontinuously, at a fixed temperature. 
As heat is removed from a liquid its 
temperature falls until it begins to crys
tallize; then additional heat is given 
off without any further change in tem
perature until the freezing is complete. 
Many other properties also change dis
continuously at the freezing point, such 
as the density and the heat capacity (the 
amount of heat that must be added to a 
substance in order to bring about a spec
ified rise in temperature). 

The configurational freezing that is 
observed at the glass temperature is not 
as sharp a transition, but neither is it 
a perfectly continuous one. The transi
tion is marked by an abrupt rise in the 
time required for any adjustment or re
arrangement of the atomic configura
tion. In the liquid this time is much Jess 
than a second; in water, for example, it 

. is roughly 10-12 second. At the glass 
temperature it rises to a value on the 
order of a day. 

The time required for a change in 
atomic configuration is reflected exper
imentally in the viscosity of a materi
al, which measures its resistance to a 
change in shape. The unit of viscosity is 
the poise, which is defined as the force 
(in dynes per square centimeter) that 
must be applied to a fluid in order to 
maintain a velocity difference of one 
centimeter per second between parallel 
layers one centimeter apart. Common 
liquids such as water and mercury have 
a viscosity of about 10-2 poise; at the 
glass temperature the viscosity increases 
rapidly to about 1015 poises. A material 
that resists change in shape this strongly 
is rigid enough to be considered a solid. 

The transition from a liquid to a glass 
is also accompanied by a sharp drop in 
the heat capacity of the material and in 
the coefficient of thermal expansion (the 
number that specifies the change in a 
material's volume in response to a given 
change in temperature). Both of these 
properties are related to the atoms' 
freedom of movement or to the num
ber of distinct configurations accessible 
to them. As Walter J. Kauzmann of 
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Princeton University pointed out some 
time ago, the abrupt decline in heat ca
pacity and in the coefficient of thermal 
expansion are directly associated with 
the onset of configurational freezing. 

The characteristics of the liquid-glass 
transition described here were estab
lished mainly through investigation of 
the nonmetallic glasses. More recently it 
has been shown by Ho Sou Chen and . 
one of us (Turnbull) that the glass-form
ing metallic alloys exhibit similar prop
erties. Measurements of these quantities 
are complicated by the fact that the re
gion between the glass temperature and 
the liquidus temperature is largely inac
cessible to experiment, since liquid met
als cannot be maintained at those tem
peratures without crystallizing. Never
theless, it has been shown that on cool
ing through the glass temperature the 
viscosity rises steeply. It was also shown 
that the reverse transition, in which a 
glass is heated until it liquefies, is ac
companied by an increase in the heat 

capacity and in the coefficient of ther
mal expansion, as would be expected. 

In the various metallic alloys studied, 
both the glass temperatures and the liq
uidus temperatures take on a wide range 
of values. For the purpose of comparing 
one substance with another it is more 
meaningful to consider the ratio of these 
quantities, that is, the glass temperature 
divided by the liquidus temperature. 
The ratio is called the reduced glass tem
perature. It is to be expected that a mate
rial with a larger reduced glass tempera
ture will be easier to solidify as a glass, 
with a lower cooling rate, since the inter
val of temperatures in which crystalliza
tion can take place is then smaller. For 
the most part that expectation is borne 
out by experiment. For materials that 
enter a glassy state even on slow cooling 
(such as the silicates) the reduced glass 
temperature is generally 2/3 or greater; 
in other words, the liquidus temperature 
is no more than half again as high as the 
glass temperature. Most of the metallic 
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T RANSITION TEMPERATURES for the formation of crystalline metals and metallic glas
ses have a major influence on the ease with which an alloy can be solidified in the glassy state. 
The liquidus temperature (Tz) is the temperature at which the crystalline phase can first ap
pear when the liquid is cooled. As the temperature is further reduced the material must pass 
through a region where crystallization is possible before the configuration of the 

'
atoms is frozen 

in at the glass temperature (Tg). The ratio of the glass temperature to the liquidus temperature 
(TgITz) is called the reduced glass temperature (Trg), and it defines the relative extent of the 
region where crystallization can interrupt the formation of a glass. In order to cross this re
gion without crystallizing, the metal must be cooled quickly from above the liquidus temper
ature to below the glass temperature. Three classes of alloys can be put into a glassy state by 
such rapid quenching. Transition temperatures for representative alloys in each class are given. 
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alloys, which require rapid quenching, 
have a reduced glass temperature of 
less than 2/3, and in some cases it is as 
small as .45. 

The metastable nature of the amor
phous phase becomes apparent when a 
glass is heated. Even before melting 
begins the material can crystallize by 
the formation and growth of nucleation 
centers in the solid state. The tempera
ture at which this process is observed, 
the kinetic-crystallization temperature, 
depends on the number of nucleation 
centers present and on the rate of heat
ing. Slow heating depresses the kinetic
crystallization temperature, since there 
is then more time for crystal growth. A 
rough measure of the resistance of a 
glass to crystallization is given by the 
displacement of the kinetic-crystalliza
tion temperature from the glass temper
ature. Some materials, such as fused sil
ica, do not crystallize at all when they 
are free of extraneous freezing nuclei, 
no matter what the temperature is and 
no matter how long the experimenter 
waits. Among the metallic glasses, with 
a few exceptions, only a little heating 
above the glass temperature is needed 
to provoke crystallization. Indeed, there 
are many alloys in which the kinetic
crystallization temperature lies below 
the glass temperature and therefore ob
scures it. It should not be assumed, how
ever, that metallic glasses are thermal
ly unstable. In fact, many alloys remain 
in the glassy state indefinitely at room 
temperature. 

I t is a fundamental principle that there 
is no long-range order in the struc

ture of a glass. Knowing the positions 
of the atoms in one region of an amor
phous solid is not helpful in predicting 
the positions in a distant region. At short 
range, however, over distances of a few 
atomic spacings, order of some kind is 
to be expected. Only in a rarefied gas, 
where the atoms move essentially inde
pendently of one another, does their dis
tribution approach the truly random. In 
solids and liquids the atoms must be 
packed together tightly in order to ac
count for the observed density of the 
materials, and there are only a limited 
number of ways of doing so. It follows 
that there must be some short-range or
der in the materials' structure. 

Liquids and solids, whether they are 
crystalline or amorphous, differ little in 
density. This observation argues that the 
number of nearest neighbors surround
ing each atom and the average distance 
between atoms are similar in the two 
phases. Nevertheless, there are grounds 
for believing the topology of the atomic 
arrangement in the crystal differs signifi
cantly from that in the liquid. If care is 
taken to exclude external sources of nu
cleation, many simple liquids can be un
dercooled by 20 to 30 percent of the 
liquidus temperature without crystalliz
ing. This resistance to freezing even 
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when freezing is energetically favored 
suggests that the crystalline structure is 
one not likely to be encountered often 
during random fluctuations of the atoms 
in the liquid. Hence the short-range or
der of the liquid does not seem to be 
closely related to that of the crystal. On 
the other hand, a strong resemblance is 
to be expected between the short-range 
order of the liquid and that of the amor
phous solid. 

In constructing models of the atomic 
structure of a simple metal it can be as
sumed that the forces acting between the 
atoms are undirected and hence are 
symmetrical around any given ·atom. 
The structure that will have the smallest 
total energy is the one yielding the high
est density, in which the atoms are close
ly packed. On the other hand, the at
oms cannot overlap to any large extent, 
because at very close range there is a 
strong repulsion between them. In m�ny 
theoretical models the atoms are de
scribed as perfectly hard spheres, so that 
no overlapping is possible. 

Consider for a moment the packing of 
the atoms in a two-dimensional system 
with centrosymmetric forces. Here the 
atoms are represented by disks, and the 
densest packing unit consists of three 
disks all tangent to one another, so that 
their centers define an equilateral trian
gle. Additional atoms can be added to 
this un.it, generating identical triangu-

lar cells, which can tile the entire plane. 
Each atom in this configuration is sur
rounded by six others, which form a reg
ular hexagon. The structure is obviously 
crystalline in that the atoms occupy pe
riodically repeating positions over un
limited distances. It is important to em
phasize, however, that quite apart from 
its long-range order it is the structure' 
favored by the operation of the short
range interatomic forces. Whether the 
system consists of just three atoms or 
of many, no other configuration can 
have a higher density or a lower energy. 
For this reason the short-range order 
of a two-dimensional medium should be 
much the same whether the material is 
in a liquid phase, a crystalline phase or 
an amorphous solid phase. Moreover, 
the two-dimensional material should 
have little resistance to crystallization. 

The packing of objects in three-di
mensional space is different in one cru
cial respect. With the atoms represent
ed by spheres the densest fundamental 
packing unit consists of four atoms in 
contact with one another, one atom at 
each vertex of a regular tetrahedron. A 
geometric fact of profound importance 
for the structure of solids· is that space 
cannot be filled by packing together reg
ular tetrahedrons. It is true that a few 
tetrahedrons can be fitted together with
out difficulty, but additional tetrahe
drons can then be added only by dis-

�====================�� PRESSURE 

QUARTZ TUBE 

MOLTEN ALLOY -�-?'l'� 

HEATING COIL 

COLD DISK 

I MELT-SPINNING of a molten alloy is tbe predominant metbod of acbieving tbe bigb rate of 
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metals are good conductors. Cooling rates of a million degrees Kelvin per second have been at
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torting them or by leaving voids. Either 
strategy diminishes the density of the re
sulting solid and increases the total ener
gy. Thus the tetrahedron alone cannot 
serve as the fundamental unit of any 
crystalline structure; the densest crystal 
packing interpolates one octahedron for 
every two tetrahedrons, but the resulting 
structure is less dense and has a higher 
energy per atom than the tetrahedron 
alone. 

This geometric constraint on the 
packing of atoms in t!lfee dimensions 
has had a strong influence on the devel
opment of models of amorphous struc
tures. Although some crystal structure 
always represents the state of lowest 
overall energy for a large collection of 
atoms in three-dimensional space, the 
same is not true for a cluster of only a 
few atoms. Such a cluster can achieve a 
denser and lower-energy packing by as
suming a polyhedral configuration. Sev
eral models that attempt to reproduce 
the structure of liquids and of amor
phous solids take this fact into account. 

Three main classes of models for the 
metallic glasses have been devised. 

Microcrystallite models propose that 
amorphous metals actually consist of 
innumerable small regions with a crys
talline short-range order embedded in a 
matrix of randomly interconnected at
oms. On the average the microcrystal
lites might include only about 100 at
oms each, far fewer than even the finest 
grains in a truly crystalline metal. Since 
the miniature crystals would be ran
domly dispersed throughout the solid 
and randomly oriented, no long-range 
order would be discernible. The nature 
of the matrix in which the microcrystal
lites are to be embedded has not been 
specified in detail. 

A second kind of model is of histori
cal note, having been devised by J. D. 
Bernal to account for the structure of 
simple liquids. It describes the dense 
random packing of hard spheres. A pro
cedure for generating the model consists 
in adding spheres one at a time to a clus
ter of spheres. Each ball is added at 
whatever available position is closest to 
the center of the cluster as a whole. In 
this way the densest possible configura
tion should be created. The first four 
spheres inevitably form a tetrahedron. 
The fifth sphere can be put on any of the 
four symmetrical faces of the tetrahe
dron, since they are eq uidistant from the 
center. When the cluster grows much 
larger, finding the correct position for 
the next ball becomes more difficult and 
the geometry of the evolving structure is 
less obvious. 

The first investigation of the dense 
random packing was carried out with 
a physical model. Bernal and his col
leagues poured steel ball bearings into 
the rubber bladder of a soccer ball and 
kneaded the bladder until it could be 
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compressed no further. Wax was poured 
into the bladder to immobilize the ball 
bearings and the bladder was stripped 
away. Then the coordinates of each ball 
in representative volumes of the sample 
were meticulously recorded. Today it is 
commoner to construct a model with the 
aid of a computer, which can determine 
the correct positions for the balls mathe
matically. The equivalent of kneading 
by hand is a procedure for "relaxing" 
the model by testing the forces' acting on 
each ball; if they are not in balance, the 
positions of the balls can be altered 
slightly to relieve the strain. Such relax
ational processes surely operate to re
duce the energy of real solids. 

What structure actually results from 
applying this procedure? Bernal showed 
that it could be described as an assem
bly of tetrahedrons distorted in various 
ways and combined with small voids, 
which are bounded by triangular faces. 
It has since been shown by one of us 
(Chaudhari) and his co-workers, and in
dependently by G. A. N.  Connell, now 
at the Xerox Palo Alto Research Center, 
that the dense random packing is topo
logically equivalent to a random net
work in which vertexes are connected to 
one another by four bonds each. 

The third class of models derives ex
plicitly from the observation that a tet
rahedral configuration is denser than 
any crystalline one for a cluster of a few 
atoms. F. C. Frank of the University 
of Bristol showed that the tetrahedral 
packing is favored for as many as 13 
atoms. More recent calculations, based 
on plausible assumptions about the 
forces acting between atoms, have been 
done by Michael R. Hoare of the Uni
versity of London and by James J. Bur
ton of the Gur Ayeh Institute in New 
York; they have shown that a polyhe
dral cluster is stabler than a crystalline 
one with as many as 50 atoms. There is 
also indirect experimental support for 
the idea of polyhedral clusters. J. Farges 
of the University of Paris has shown 
that clusters of a few tens of argon at
oms can be formed by condensation 
from the vapor. The structure of these 
clusters seems to be much like the one 
predicted for the polyhedral aggregates. 
It should be pointed out, however, that 
the argon clusters exist in isolation, 
whereas polyhedral assemblies in an 
amorphous metal would have to be in
terconnected by a matrix of atoms in 
some other configuration. 

All these models have shortcomings. 
An important one is that they all de
scribe pure or one-component materials 
(all the spheres are identical) whereas no 
pure metal has yet been solidified in the 
glassy state. It seems that only alloys of 
two or more metals form glasses. The 
microcrystallite and polyhedral models 
have an additional limitation in that 
the interconnecting matrix, which might 
amount to half of the material, is ig-
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DISTRIBUTION OF ATOMS in a substance can be inferred from 
patterns created when X rays are scattered by the atoms. Tbe graphs 
record the reduced intensity of the scattered radiation as a function 
of scattering angle. The reduced intensity is derived from the mea
sured intensity by a normalization procedure. For a rarefied gas the 
reduced intensity is essentially uniform over a broad range of scat-
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tering angles, indicating that the distribution of atoms is random. 
Liquids and amorphous solids yield reduced-intensity curves that are 
strongly modulated. A curve of this form suggests that positions of 
nearby atoms are correlated, but there is no long-range order. The 
reduced-intensity curve for a crystal is a series of sharp spikes, re
flecting the regular arrangement of the atoms over large distances. 
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nored. It is nonetheless possible to com
pare the models with data on the struc
ture of real amorphous metals. 

The main source of information about 
the microscopic structure of glasses is 
the scattering of X rays, electrons and 
neutrons from the atoms. The specimen 
is irradiated with X rays (for example) 
whose wavelength is comparable to the 
diameter of an atom. The intensity of 
the scattered radiation is then measured 
as a functi'on of the angle through which 
it is scattered. From the pattern of scat
tering the average distribution of the at
oms can be deduced. X-ray scattering 
from a single crystal can yield precise 
coordinates of the atoms. With amor
phous materials the information derived 
is less complete; because of the disor
der in the structure only distances be
tween atoms can be determined, not di
rections. The method was first applied 
to amorphous solids by Frits Zernike 
and J. A. Prins in 1927. 

For a monatomic gas the curve re
cording the intensity of scattered ra

diation is almost featureless, signifying 
. a complete lack of correlation between 
the positions of atoms. If one atom is 
taken as a reference, other atoms can 
be found at any distance with uniform 
probability. For a crystalline solid the 
scattered-intensity curve is a sequence 
of sharp peaks resulting from the al
most perfect correlation of the atomic 
positions throughout the volume of the 
crystal. Liquids and amorphous solids 
yield a pattern intermediate between 
these extremes: there are strong modu
lations in intensity, but they are not as 
sharply defined as they are in a crystal, 
and they fade into a featureless back
ground. The overall form of the curves 
is remarkably similar for the liquid and 
the glass, although the glass reveals 
some finer structure that is obscured in 
the liquid by the translational motion 
of the atoms. 

Before the scattered-intensity curve is 
interpreted a mathematical transforma
tion is applied to it. The transformed 
curve is called the radial-distribution 
function, and it gives the average densi
ty of atoms as a function of distance 
from a reference atom. A second de
rived curve is called the pair-distribu
tion function. It is found by subtracting 
from the radial-distribution function 
certain contributions to the scattered in
tensity, such as scattering from individ
ual atoms. The pair-distribution func
tion gives the number of pairs of atoms 
as a function of the distance between the 
atoms that make up the pair. 

A typical radial-distribution function 
for a metallic glass shows a series of 
four or five peaks of gradually diminish
ing amplitude. The area under a peak 
is proportional to the number of atoms 
at that distance; the width of the peak 
indicates how closely the atoms are 

MICROCRYSTALLITE MODEL of tbe structure of metallic glasses supposes tbey are made 

up of many crystalline clusters, eacb cluster incorporating only 100 or so atoms. Tbe cluster 

sbown bas tbe densest possible arrangement of atoms for a crystal; in otber words, it is tbe most 

compact configuration of atoms tbat can be extended indefinitely througbout space. In tbe mi

crocrystallite model clusters of tbis kind must be interconnected by a network of atoms witb 

some otber arrangement. Tbe nature of tbis connective tissue bas not been specified in detail. 

clustered at a particular radial distance. 
The first peak, representing the contri
bution of the nearest-neighbor atoms, is 
comparatively sharp because the nearest 
neighbors fall within a narrow range 
of distances; indeed, they are packed as 
close as possible to the reference atom. 
At greater separations the peaks are 
broader, and beyond about four atomic 
diameters they are damped out entirely 
and the density of atoms approaches the 
uniform average density of the material 
as a whole. 

In a model of amorphous structure 
the positions of the atoms are known 
exactly. It is therefore a straightforward 
task to calculate a radial-distribution 
function or pair-distribution function 
for any given model; the procedure in
volves little more than tabulating the 
distances between all the pairs of atoms 
in the model. It is then possible to com
pare the calculated function for the 
model with the functions derived by 
scattering X rays or other radiation 
from real amorphous materials. 

Such comparisons have raised serious 
doubts about the validity of the micro
crystallite model. The calculated radial-

distribution function for the model is a 
rather poor fit to the observed function. 
A much better correspondence is ob
tained with the dense-rand om-packing 
model, particularly with a version of 
this model in which the positions of the 
atoms have been relaxed. 

The radial-distribution function is not 
much help in discriminating between 
the dense-rand om-packing model and 
the polyhedral model. There may, how
ever, be another basis for choosing be
tween these models. Among the most 
intriguing items of evidence in favor of a 
polyhedral configuration is Farges's re
cent demonstration that argon atoms 
adopt this structure when they condense 
from the vapor. At the very least this 
observation shows that a polyhedral 
configuration of atoms can be achieved 
physically. 

There is another side to the argu
ment, however. The argon condensed by 
Farge was a pure element; if the polyhe
dral clusters of argon atoms were built 
up by the same mechanism that is sup
posed to operate in the formation of 
a metallic glass, then it should be possi
ble to make glasses of pure metals. Even 
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if such elemental glasses could not be 
formed by the quenching of a liquid, 
they might be observed in materials 
formed by condensation from a vapor, 
as in the argon experiments. Actually 
the evidence suggests that some admix
ture of impurities is necessary in the for
mation of a glass by either method. 

The elements that have been incorpo
rated into amorphous alloys come . 

from several regions of the periodic ta
ble. Among them are transition metals, 
including elements from both the "ear
ly" groups (such as zirconium and nio
bium) and the "late" groups (iron and 
nickel); noble metals (gold and palladi
um); simple metals (calcium and alu
minum); rare earths (gadolinium), and 
metalloids (silicon, phosphorus, carbon 
and boron). Most of the alloys capa
ble of being cooled from a molten state 
into an amorphous one fall into three 
groups. The first group is typified by the 
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compound of gold and silicon first in
vestigated 20 years ago by Duwez and 
his colleagues; these alloys combine a 
noble metal or a late transition metal 
with a metalloid or with more than one 
metalloid. The range of glass-forming 
compositions, which generally call for 
about 20 percent metalloid, includes 
some eutectic alloys with exceptionally 
low liquidus temperatures. Most of the 
iron-alloy glasses now being considered 
for possible technological applications 
fall into this group. Many of them were 
first prepared by Chen, Donald E. Polk 
and R. Ray, who were then working at 
the Allied Chemical Corporation. 

The second group of metallic glasses, 
discovered by one of us (Giessen) with 
Nicholas J. Grant of the Massachusetts 
Institute of Technology and others, con
sists of alloys that blend an early transi
tion metal with a late transition metal. 
An example is the niobium-nickel alloy 
Nb4oNiso. The alloys in the third group 
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are made up exclusively of simple met
als, as in the calcium-aluminum alloy 
Cas5A135' The glass-forming potential 
of these metals was first demonstrated 
by Giessen and Polk, who is now at 
Northeastern University, and their co
workers there, and by H. Matyja and 
others at the Technical University of 
Warsaw. 

The list of metals that can be con
densed from a vapor in an amorphous 
phase includes many of these alloys and 
some others as well, which can be made 
glasslike only in this way. Among the 
latter are alloys of niobium and germa
nium, of silver and copper, of gold and 
cobalt and some of gadolinium and co
balt. The earliest studies of vapor-de
posited amorphous alloys were done by 
S. Mader of the International Business 
Machines Corporation and Arthur S. 
Nowick, who is now at Columbia Uni
versity, and independently by W. Btickel 
and R. Hilsch of the University of Got-
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DENSE-RANDOM-PACKING MODEL of the short-range order 
of a metallic glass is constructed by assembling"hard spheres in a com
pact configuration. At each step in the construction of the model a 
ball " is added at whatever available position is closest to the center 
of the developing cluster. The first four balls form a regular tetrahe-

dron. The tetrahedral configuration is the densest one possible (and 
it is denser than any crystal), but it cannot be extended indefinitely 
because regular tetrahedrons cannot fill space without voids being 
left among them. Nevertheless, the structure that evolves from dense
random-packing procedure is made up mainly of tetrahedral units. 
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tingen. The glasses formed by alloying 
rare earths with transition metals were 
discovered by workers at IBM and at the 
Naval Ordnance Laboratory. 

The commonest methods for prepar
ing the metallic glasses from the molten 
state are all versions of the melt-spin
ning technique, in which a jet of the mol
ten alloy is driven onto a cold metal ro
tor. The cooled glass is thrown off the 
rotor tangentially as a continuous rib
bon. The process has been adapted to a 
larger scale for the production of com
mercial quantities of glassy alloys. Be
cause the ribbon or sheet emerges di
rectly from the molten state in need of 
little further processing the method is 
inherently economical; indeed, it may 
sometimes be cheaper than the steps 
needed to process a crystalline metal. 
For this reason metallic glasses may be 
adopted even in applications where their 
properties are no more than equal to 
those of crystalline metals. 

Many properties of a metallic glass, 
such as density, heat capacity and 

compressibility, hardly differ from 
those of a crystalline metal with the 

same composition. Differences arise 
mainly in those properties that measure 
the response of a body to a directed 
force. In a crystal the response to a mag
netic or electric field or to a stretching 
force depends on the orientation of the 
field or force with respect to the crystal 
lattice; the response is said to be aniso
tropic. Since a glassy metal has no long
range order, its response should be per
fectly isotropic, or independent of direc
tion. Certain other differences in proper" 
ties can be attributed to the fact that the 
amorphous structure is essentially con
tinuous and homogeneous throughout 
large volumes. Most crystalline materi
als, on the other hand, and in particular 
most crystalline metals, are composites 
of small crystal grains that have irregu
lar boundaries and random orientation. 

Silicate glasses are hard and very brit
tle materials. In general so are crystal
line solids with compositions similar to 
those of the alloys that can be made into 
glasses by quenching from the molten 
state. Some of the metallic glasses them
selves, in contrast, are ductile and in ten
sion are among the strongest of all al
loys. The response to a stretching force 

POLYHEDRAL MODEL of a metallic glass is built by fitting atoms together in an array that 
is regular but not crystalline. For clusters of up to about 50 atoms it has been shown that such 
polyhedral models have a lower free energy than any crystalline configuration. In an extended 
solid the clusters must be interconnected, however, by a network of atoms that would raise the 
energy of the structure as a whole to more than that of a crystal. The polyhedral model has five
fold symmetry; objects with fivefold symmetry cannot fill space completely. The model shown, 
which consists of 266 atoms, was constructed by Michael R. Hoare of the University of London. 
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IS Isotropic, and it differs in character 
from that observed either in silicate 
glasses or in polycrystalline metals. A 
silicate glass fractures when it is over
stressed; a crystalline metal yields by the 
movement of defects along crystallo
graphically defined slip planes, which 
results in strain hardening, an increase 
in resistance to further deformation. 
When an amorphous metal is over
stressed in tension, it generally yields by 
shearing along bands inclined at an an
gle of about 45 degrees to the stretching 
·axis. There is no strain hardening. Simi
lar mechanical properties have been ob
served in certain polymer glasses. 

The brittleness of the silicate glasses is 
a consequence of the same chemical 
structure that keeps them in an amor
phous state. Because of the highly direc
tional covalent bonds between atoms 
stress can be relieved only by the break
ing of bonds. In a metallic glass, on the 
other hand, the largely undirected bonds 
allow small displacements of atorris in 
response to applied stress, so that the 
material deforms plastically. 

In polycrystalline metals grain bound
aries and chemical heterogeneities are 
often preferred sites of chemical attack. 
Present evidence suggests that glassy al
loys are remarkably homogeneous in 
structure at all scales greater than a few 
atomic diameters. This uniformity of 
structure would lead one to expect that 
the metallic glasses might show unusual 
resistance to corrosion. Indeed, several 
investigators have reported finding high 
corrosion resistance in glasses formed of 
transition metal-metalloid alloys con
taining chromium. 

Strength, ductility and resistance to 
corrosion represent an attractive combi
nation of properties in a metal. Applica
tions can be envisioned in which these 
properties would be exploited. What 
is more, the mechanical and chemical 
properties that make the glassy alloys 
easy to work and inexpensive to fabri
cate enhance their appeal in applica
tions that exploit their distinctive elec
trical and magnetic properties. 

All resistance to the flow of an elec
.Il.. tric current in a metal results from 
irregularities in the periodic arrange
ment of the atoms. In a crystalline metal 
the resistivity, or resistance per unit of 
cross-sectional area, has two main com
ponents : thermal vibrations of the at
oms introduce a degree of disorder 
that diminishes with decreasing temper
ature, and impurities and structural de
fects make a contribution that is large
ly independent of temperature. The sum 
of these contributions is a resistivity 
that declines as the metal is cooled, ap
proaching a constant minimum value at 
absolute zero. 

Because extensive disorder is built 
into the structure of amorphous metals 
they tend to have high resistivity, typi-
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'lUST BETWEEN YOU, ME 
AND THE COMPUTER ... 

" 

There's information about you 
in a computer somewhere. Probably 
in several computers. 

It's a fact of modem life. 
You have credit cards and 

insurance policies. You reserve seats 
on airplanes. You borrow money 
occasionally. You pay taxes. 

All these things require information about you, and you're concerned how 
safe it all is in a computer system. 

So are we. 
At IBM, we think computers should be as good at protecting information 

as they are at processing it. 
Here are some things we're doing about that. 
So that only the right people see information about you, IBM systems can 

be programmed to demand identification in various ways. They can require 
passwords, or numbers, or keys, or magnetically coded I .D.  cards, or 
combinations of them. 

With many IBM systems, certain information can be reserved solely for 
the people who need it. A person who needs only your name and address 
cannot learn anything else about you. 

We have systems that scramble computer signals sent over wires. So 
eavesdroppers can't listen in. 

We're even experimenting with devices that recognize people by their 
signature rhythms. 

With innovations like these, computers can be more than safe places to 
keep information. 

They may well be the safest place to keep it. � � ��wi ® 
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PAIR-DISTRIBUTION FUNCTION serves to compare the microcrystallite model and the 
dense-rand om-packing model with experimental data on the structure of a real metallic glass. 
The function, which can be derived from X-ray scattering patterns, gives the average number 
of pairs of atoms as a function of the distance between the atoms in a pair. Functions are calcu
lated for four kinds of microcrystallite, assuming that the crystals have every possible orienta
tion but taking no account of the material between them. The dense-random-packing model 
employed is one that has been "relaxed" by adjusting the positions of some atoms to relieve 
strain. The experimental function is for an amorphous iron alloy. The dense-random-packing 
curve matches the experimental one better than any of the microcrystallite curves do. Experi
mental data and calculated values are from the work of T. Ichikawa of Tohoku University. 
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cally an order of magnitude larger than 
the resistivity of the same alloy in crys
talline form. Moreover, the contribu
tion from structural disorder and from 
impurities far outweighs the thermal 
component. It follows that the resistiv
ity is not very sensitive to temperature; 
the temperature coefficient of resistivity 
is small. The coefficient can even be ad
j usted by changes in composition to be 
zero or negative at room temperature. 

The stability of the resistivity of 
glassy alloys in spite of changes in tem
perature suggests their use as resistance 
standards. A related application would 
be in magnetoresistance sensors, which 
are employed to detect the presence of 
magnetic fields, notably in bubble mem
ory devices. The principle of operation 
of a magnetoresistance sensor is that 
variations in a magnetic field give rise to 
small changes in the resistivity of a met
al; obviously extraneous fluctuations in 
resistivity caused by changes in temper
ature tend to obscure the signal. 

Another kind of sensor for magnetic 
fields that might employ amorphous al
loys is based on the extraordinary Hall 
effect. When an electric current is flow
ing in a thin film, an applied magnetic 
field gives rise to a voltage perpendic
ular to both the current and the field. 
In ferromagnetic materials the effect is 
called extraordinary because the volt
age is much greater than it is in other 
metals. Amorphous ferromagnetic films 
might make possible still larger Hall 
voltages. The voltage is proportional to 
the square of the metal's resistivity, and 
so it should be 100 times greater in an 
amorphous alloy than it is in a crystal
line film of the same composition. 

For now the most promising applica
tions of the metallic glasses are those 
based on the unusual magnetic proper
ties of the amorphous metals. In crystal
line materials there is usually one axis of 
preferred magnetization. In order to de
flect the magnetization from this axis to 
any other direction, energy must be ex
pended. Many metallic glasses, in con
trast, seem to be completely isotropic 
with respect to magnetic fields. There is 
no easy axis of magnetization, and so 
the magnetization can be rotated at a 
much smaller cost in energy. In the core 
of a power transformer the magnetiza
tion must reverse direction twice during 
each cycle of the alternating current, or 
1 20- times per second in the U.S. The 
energy loss associated with such re
versals can be substantial. It has been 
shown that amorphous magnetic mate
rials can at least equal the efficiency 
of the best crystalline alloys, and they 
may ultimately exceed it. The magnetic 
glasses are generally alloys of iron with 
varying amounts of boron, carbon or sil
icon. The limit on their efficiency seems 
to be magnetic anisotropy introduced by 
elastic strain during fabrication. 

The magnetic "softness" and high re-
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"It happened last October;' says 
Gulf Plant Manager J. K. Ward. 

"During a week of tests , the solvent
refined coal that we made in Tacoma, 
Washington, helped light up 
Manhattan. 

"It's a lot easier and 
cheaper to trampart 
liquid coal than the 
soud, lumpy kind." 

"Of course, scores of Gulf people 
helped create and develop SRCII 
(that means solvent-refined coal) and 
the processes we use to make it. 

"We're all enthusiastic about the 
test. SRCII did all we expected. It 
looks like oil. It pumps like oil. Best 
of all , it bums as clean as high-grade 
fuel oil: emissions were well under 
the new EPA standards. But it's coal, 
liquefied and with almost all the 
pollutants left out.  

"SRCII is still experimental .  Gulf 
and the U. S. Department of Energy 
are working on it together to develop 
a practical alternative to imported 
crude oil. 

"But we know how to make it on 
a small scale; we know it will bum 
well. The next step is to find out if 
SRCII can be produced in large 
quantities , and produced economi
cally. If this can be done , then liquid 
coal could be used instead of precious 
petroleum by utilities , industry and 
consumers , reducing America's 
reliance on imported crude oil. 

"We've got a few centuries' supply 
of coal here in the U . S .  Some day, 
instead of helping light up New York, 
we may be lighting up many of the 
cities on the East Coast. 

"Responsible energy management 
is a big challenge. Clean-burning 
liquid coal is one of the ways Gulf is 
developing energy for tomorrow." 

G 7 r 
Gulf people: 

energy for tomorrow. 
Gulf Oil Corporation 
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When it comes to cars, the good don't die 
young. And Volvos are so well-made they seem to 
go on forever. (The current life expectancy of a 
Volvo is now up to 17.9 years in Sweden.) 

Witness the case of William Mozer a broadcast 
engineer. Over the years he's bought five Volvos 
and they're all still in the family. You see, instead of 
trading in his old Volvo every time he wants a new 
one, he passes it on to a member of his family. 

Because he believes his family is better off in a used 
Volvo than in any new car. 

According to Mr. Mozer, "Every time I get a new 
Volvo, my family is as excited about it as I am. After 
all, they know someday it'll be theirs:' 

So if you're tired of buying cars you run into the 
ground in no time, do as Mr. Mozer did. Buy a 
car t

.
hat could run in the VOLVO 

fanuly for years. A car you can believe in . 
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sistivity of glassy alloys also make them 
likely candidates for the "read" and 
"write" heads in magnetic tape record
ers and magnetic disk memories. The 
frequency with which the field must re
verse in such a device ranges up to sever
al thousand hertz, and so losses might 
again be reduced by the adoption of 
amorphous alloys. The emphasis in this 
context, of course, is not on energy con
servation but on extraction of the maxi
mum signal level. 

In one proposed application of amor
phous metal films, magnetic-bubble 
memories, the natural isotropy of the 
materials is a significant impediment. 
The magnetic bubbles are cylindrical 
magnetic domains that can be created in 
a thin film having an axis of preferred 
magnetization perpendicular to the film. 
If the bulk of the film is magnetized with 
the north pole up, each bubble is an iso
lated domain in which north points 
down. The presence or absence of a bub
ble represents one "bit" of information. 
In the memory devices available today 
the bubbles have a diameter of one mi
crometer or more. The smallest bubbles 
yeCobserved in crystalline materials are 
about .5 micrometer across. 

The customary material for magnet
ic-bubble memories is a single crystal of 
synthetic garnet. It came as a considera
ble surprise to find that the bubbles can 
also be created in thin films of amor
phous rare earth-transition metal al
loys. The discovery, made by J .  J .  Cu
omo, R. J .  Gambino and one of us 
(Chaudhari), was surprising because the 
bubbles form only in the presence of a 
magnetic anisotropy, which is general
ly not to be expected in metallic glasses. 
It has since been found that an anisotro
py can be induced in the films by apply
ing an anisotropic field or force at a 
temperature high enough to allow local 
rearrangement of the atoms. 

The smallest bubbles that have been 
observed in amorphous films are con
siderably smaller than those common 
in garnet: about . 1  micrometer. In prin
ciple that fivefold reduction in bubble 
diameter could allow information to be 
stored at a density 25 times greater. 
Moreover, the films could be deposited 
on a variety of substrates and could be 
made arbitrarily large. For all these rea
sons magnetic-bubble devices fabricat
ed fr.om metallic glasses might substan
tially reduce the cost per bit stored. 

One final class of possible applica
tions should be mentioned. Although 
the metallic glasses generally have high 
electrical resistivity, some of them none
theless become superconductors, losing 
all resistance, at temperatures near ab
solute zero. That is possible because the 
mechanism of ordinary conduction and 
the mechanism of superconduction are 
quite different. The high normal resistiv
ity does, however, have an influence on 
the properties of the superconducting 

MAGNETIC BUBBLES in an amorphous alloy might be employed to store information in II 
computer system. The bubbles are domains of reverse magnetization in a film of metallic glass 
that has been magnetized along an axis perpendicular to the plane of the film. They are made 
visible here in a transmission electron micrograph made by Sigrid R. Herd and one of the au
thors (Chaudhari). Some of the bubbles appear bright with a dark border, others are dark with 
a bright border and a third kind are bright on one side and dark on the other, so that they give 
the illusion of being either pits or mounds. Actually all three kinds differ only in the topology 
of the boundary region where the magnetic field rotates from normal to reverse polarity. Each 
bubble has a diameter of about .l micrometer, a fifth the size of the smallest bubbles that seem 
to be feasible with a crystalline material, such as synthetic garnet. Hence a magnetic-bubble 
memory based on an amorphous medium might store information at a density 25 times greater. 

alloys. When a material has become su
perconducting, regions of normal con
ductivity, called vortexes, persist. The 
size of the vortexes is determined in part 
by the resistivity of the material, and 
in amorphous metals the vortexes are 
unusually small, perhaps as small as 
.005 to .0 1 micrometer. The vortexes in 
amorphous materials can be exception
ally mobile. In crystalline solids the vor
texes tend to become pinned at grain 
boundaries, but of course there are no 
grain boundaries in a glass. 

The small size of the vortexes should 
make amorphous superconductors ex
ceptionally tolerant of magnetic fields. 
For any superconductor there is a crit
ical magnetic-field strength where the 
superconductivity is extinguished and 
the material reverts to the normal mode 
of conduction. The critical magnetic 
field is expected to be greater in the 
glassy superconductors than it is in crys
talline ones. For this reason the alloys 
might be appropriate materials for the 
windings of superconducting magnets. 
The mobility of the vortexes is a disad
vantage here, however, because move
ment of the vortexes dissipates energy. 
They would probably have to be pinned 
by partially crystallizing the film or by 

introducing inhomogeneities in . some 
other way. 

High mobility of the vortexes would 
be essential in another contemplated ap
plication of superconducting glasses. 
Just as information can be represented 
by a pattern of magnetic bubbles, so it 
could be stored in the form of vortexes 
in a superconducting film. Therefore 
another computer-memory technology 
can be envisioned. Because the vortexes 
are smaller than the smallest magnetic 
bubbles by a factor of at least 10 the 
amount of information that could be 
stored per unit area would be at least 
100 times greater. 

Metallic glasses are not distinctive in 
their chemical composition; in at least 
some cases the species of atoms present 
and their ratios are not at all out of the 
ordinary. What sets these metals apart 
from all others is the way the atoms are 
arranged and interconnected. The dis
tinction is entirely geometric or topolog
ical, but it can have a profound influ
ence on the properties of the materials. 
Although the exact nature of the atomic 
arrangement is not yet fully understood, 
enough has been learned for the exploi
tation of these unusual properties to be 
now in prospect. 
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The Structure of the Early Universe 

The large-scale structure of the universe today is regular to 

within one part in 1,000. There is evidence that it has been 

that way since 10-35 second after the start of the big bang 

T
he cosmological principle is the 
powerful concept that the uni
verse is homogeneous and iso

tropic. In other words, the large-scale 
features of the universe would appear 
the same to an observer in any galaxy no 
matter in which direction he looked. 
Much observational and experimental 
work supports the cosmological princi
ple, which is deeply rooted in physics 
and natural philosophy. How did the 
universe acquire its large-scale uniform 
structure? Either it has pretty much al
ways been that way or it was highly ir
regular and chaotic right after the big 
bang and has evolved into its present 
form because of certain smoothing and 
heating mechanisms. According to the 
latter possibility, called chaotic cosmol
ogy, the smoothing and heating mecha
nisms would give rise to the current reg
ular universe regardless of the extent of 
the initial irregularity. Therefore chaot
ic cosmological theories eliminate the 
vexing problem of having to know the 
initial conditions of the universe. 

Attractive as the elimination of the 
problem is, such theories may have a 
fatal drawback. We believe the pro
posed smoothing and heating mecha
nisms would irreversibly generate more 
thermal energy than seems to exist in the 
universe today. We think the universe as 
a result had only an infinitesimal degree 
of irregularity at the time of its creation. 
What happened at the precise moment 
of creation is not yet known because un
familiar physical principles unique to 
the immense densities and temperatures 
of that moment mask the initial struc
ture of the universe. Matter behaves in a 
way that gives little inkling of what the 
universe was like in the first 10-35 sec
ond of its existence. 

The cosmological principle gains ob
servational support from the fact that 
the universe is undergoing an expansion 
in which every galaxy cluster is rushing 
away from every other. In 1923 Edwin 
P. Hubble discovered that the rate of 
expansion increases with distance from 
the observer. He detected the recession-
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al motion of the distant galaxies through 
measurements of their optical spectra. 
The wavelength at which electromag
netic radiation from a distant object 
reaches the earth is increased by the ve
locity of recession of the object with re
spect to the observer. This is the well
known red shift, so named because if the 
radiation from the receding object is in 
the visible region of the spectrum, it is 
made redder. 

The amount of the red shift is given as 
a number corresponding to the fraction
al increase in the wavelength of the 
received radiation. For example, galax
ies 20 million light-years away (among 
the closest to our own galaxy) have a 
red shift of .001 and galaxies 10 billion 
light-years away (among the most dis
tant) have a red shift of .75. By mea
suring the red shift Hubble was able to 
calculate the recessional velocities of 
distant galaxies and thus the expansion 
rate of the universe. 

The nature of the expansion can be 
understood by a traditional visual 

metaphor: likening the universe to a 
spherical balloon with dots painted on 
its surface, each dot representing a gal
axy. As the balloon is inflated the dis
tance between any two dots (as mea
sured on the surface of the balloon) 
increases at a rate proportional to the 
distance between them. An observer at 
any dot would see all the other dots re
ceding from him uniformly in all direc
tions; no observer would occupy a priv
ileged position. To put it another way, 
the expansion has no center. 

It is not known whether the expansion 
of the universe will continue forever or 
whether someday the galaxies will stop 
receding from one another, start moving 
in the opposite direction and eventually 
fall together. Either possibility is consis
tent with prevailing cosmological theo
ry, which maintains that the universe 
began with an explosion from a super
dense state. The type of expansion is de
termined by the space-time geometry of 
the universe. Infinite expansion means 

an "open" universe; finite expansion fol
lowed by collapse means a "closed" uni
verse. The critical intermediate case, 
advocated by Albert Einstein and Wil
lem de Sitter in 1932, is where the uni
verse has the minimum energy needed 
to overcome the decelerating influence 
of gravity and expand forever to infinity. 
Whether the universe is open or closed 
is difficult to determine because the ex
pansion energy is near the critical value. 
This is the subject of continuing investi
gation in astronomy. 

The universe is isotropic and homoge
neous not only in its rate of expansion 
but also in its distribution of constituent 
objects. Hubble counted the number of 
di!ltant galaxies in separate quadrants 
of the sky and in different volumes of 
space. He found that the larger the vol
ume is, the more galaxies it contains. 
Moreover, the distribution of galaxies 
with direction varied hardly at all. More 
recent surveys have probed the uni
formity of the distribution of galaxies in 
the universe to much greater distances. 
For example, when distant regions with 
a radius of a gigaparsec, or 3 X 109 
light-years, are compared, their popula
tions of radio-emitting objects (galaxies 
and quasars) are found to be equal to 
within 1 percent. 

The most compelling evidence of isot
ropy comes from the background of mi
crowaves, or radio waves with wave·· 
lengths in the millimeter range, that 
seem to flood the entire universe. The 
radiation was discovered in 1965 by 
Arno A. Penzias and Robert W. Wilson 
of Bell Laboratories. Sky maps of mi
crowave radiation based on measure
ments made by antennas carried to high 
altitudes in aircraft and balloons show 
that the intensity of the radiation is iso
tropic to better than one part in 1,000. 

The homogeneity of the universe is 
more difficult to express quantitatively. 
The universe is of course highly inho
mogeneous on a small scale such as that 
of the solar system or our galaxy. On a 
larger scale the homogeneity of its con
tent of matter is indicated by the un i-
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formity of the distribution of visible gal
axies and radio sources and also by the 
uniformity of a universal background 
of X rays. On the scale of the entire ob
servable universe the most sensitive in
dicator of homogeneity is the universal 
background of microwaves, which is 
homogeneous to better than one part 
in 1,000. The measurement is not de
finitive, however, because the radiation 
might have been rescattered by the in-
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tergalactic medium on its journey to the 
solar system and hence its variations 
might have been smoothed. 

The microwave background radiation 
establishes much more than the validity 
of the cosmological principle for the re
cent history of the universe. The spec
trum of the radiation is identical with 
the one that would be generated by a 
black body (a perfect emitter of radia
tion) at a temperature of 2.9 degrees 

, 

A' 
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Kelvin (2.9 degrees Celsius above abso
lute zero). The radiation is today only a 
feeble glimmer, but it attests to a fiery 
past. For the radiation to have the spec
trum of a black body the early universe 
must have passed through a hot, dense 
phase. One of the most remarkable pre
dictions of modern cosmology was the 
suggestion made by George Gamow 
(and his co-workers Ralph A. Alpher 
and Robert Herman) that a remnant of 
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BALLOON MODEL OF THE UNIVERSE is a traditional one sug
gesting how the real universe expands uniformly in all directions. 
Each dot on the surface of the balloon at the top left corresponds to 
a galaxy. When the balloon is inflated (top right), the distance be
tween any two dots on its surface increases at a rate proportional to 
the distance. No matter which dot is singled out (for example A or 

B) all the other dots recede from it uniformly in all directions on the 
surface. This demonstrates that the expansion has no center. As the 
balloon is inflated the geometrical distribution of the dots does not 
change. A balloon with a design painted on its surface (bottom left) 
will bear the same design when it is inflated (bottom right). The ex
pansion of the actual universe is homogeneous to one part in 1,000. 
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DISTANCE (MILLIONS OF LIGHT-YEARS) 

RECESSIONAL VELOCITY OF A GALAXY is proportional to its distance from the observ
er. The Hubble constant (solid colored line), which is the increase in recessional velocity with 
distance, is about 17 kilometers per second per million light-years. (The Hubble constant is a 
constant only in the sense tbat it is the same for every galaxy today. It will change as the uni
verse expands further.) The ratio of velocity to distance may depart from the Hubble constant 
for an individual galaxy (white dots) that has an orbital velocity as a result of the fact that the 
galaxy is a member of a cluster. The recessional velocities have probably declined since the big 
bang because of the gravitational attraction of the expanding matter. Consequently the ratio 
of the velocity to distance may have been larger at extreme distances (broken colored curve). 
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MODELS OF COSMIC EVOLUTION indicate how the separation between the galaxies 
changes with time. If the universe continues to expand forever, the age of the universe is the 
Hubble time: the inverse of the Hubble constant (H). An infinitely expanding universe is con
sidered to be open. On the other hand, if the universe eventually stops expanding and starts con
tracting, the age of the universe is less than 2/3 H. Such a universe is considered to be closed. 
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the big bang should still be visible as a 
pervasive background of black-body ra
diation. Gamow believed all the chemi
cal elements with the exception of hy
drogen could have been created in the 
hot, dense phase of the universe just af
ter the big bang. To him the universe 
was a giant fusion reactor, and the sim
ple requirement that the universe not 
immediately burn all its hydrogen into 
helium led directly to the prediction that 
the radiation, although greatly cooled 
and diluted by the expansion, should 
still be present with a temperature of 
about five degrees K. 

Today it is known that the universe 
did not stay hot and dense long 

enough for the heavy elements such as 
carbon and iron to be built up in succes
sive reactions from primordial protons 
and neutrons. It is now known that the 
heavy elements were synthesized in the 
interior of stars. The oldest stars seem to 
be deficient in heavy elements, which 
means that at the time of their forma
tion their environment was poor in such 
elements. Yet the helium abundance of 
the old stars is essentially the same as 
that of much younger stars rich in heavy 
elements. Moreover, many kinds of gal
axies are alike in their helium abun
dance. The uniform universal distribu
tion of helium, which is second only to 
hydrogen in its cosmic abundance, indi
cates that it was chiefly created not in 
stellar interiors but in the hot aftermath 
of the big bang, as Gamow visualized. 
The general agreement between his pre
diction of a black-body radiation of five 
degrees K. and Penzias and Wilson's 
discovery of radiation of 2.9 degrees 
K. and the accurate prediction of the 
primordial helium abundance are the 
most compelling arguments for a hot 
big bang. 

From data on the microwave back
ground radiation theorists were able to 
calculate a new fundamental quantity: 
the ratio of the number of photons (the 
massless particles of electromagnetic ra
diation) in the universe to the number of 
nucleons (the massy protons and neu
trons). The ratio is about 108 photons to 
one nucleon and is a measure of the av
erage thermal entropy associated with 
each nucleon. Entropy, usually repre
sented by the letter S. is defined as a 
number that indicates how many states 
are possible in a system. To put it anoth
er way, entropy is a measure of random
ness or disorder. A liquid is an example 
of a high-entropy system because its at
oms can arrange themselves in a huge 
variety of ways; a crystal lattice is an 
example of a lower-entropy system be
cause its atoms are arranged in a highly 
ordered way. The ratio of the density of 
photons to the density of nucleons aver
aged over a large volume of the universe 
is a measure of the average entropy be
cause photons constitute the most dis-
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ordered states of thermal energy and 
nucleons constitute the most ordered 
states. Hence the relative abundances of 
these two kinds of extreme state are a 
measure of the average entropy. 

According to the second law of ther
modynamics, the total entropy of the 
universe increases continuously as time 
goes on. This means that at the time of 
the big bang S was less than 108. The 
isotropic expansion of the universe did 
not dissipate much heat, so that any in
crease in S must be due to other mecha· 
nisms. An entropy of 108 is quite large 
compared with the entropy of about I 
exhibited by systems in the terrestrial 
environment. This means that the uni
verse as a whole is a relatively hot place. 
A physicist's first reaction to a hot sys
tem with a high degree of regularity is to 
suppose much thermal energy was dissi
pated in the history of the system, the 
heat and the regularity being the after
math of frictional smoothing processes. 
We shall try to demonstrate, however, 
that for the universe this interpretation 
is unlikely to be correct. 

By extrapolating backward from the 
present-day expanding universe to 

the time before galaxies formed, cos
mologists have traced the origin of the 
universe to a singularity: a state of ap
parently infinite density. The singularity 
represents the origin of space and time 
perhaps 10 billion years ago. Before that 
time the laws of physics known today 
did not apply. Does that testify to the 
physicist's knowledge or to his igno
rance? Before 1965 cosmologists debat
ed the physical significance of this singu
lahty. Some theorists thought it might 
be a spurious manifestation of the par
ticular coordinate system chosen to de
scribe the dynamics of the expansion of 
the universe, a manifestation similar to 
the singularity in geography. On a ter
restrial globe there is a coordinate sin
gularity at the North and South poles, 
where the grid squares of longitude and 
latitude vanish as the meridians of the 
globe intersect. Yet the fabric of the 
world does not physically break down 
at the poles. 

Since 1965 several theorists have i.n
dependently shown that the cosmolog
ical singularity is not the result of a 
poorly chosen coordinate system. On 
the contrary, the singularity seems to be 
general, physically real and an inevita
ble consequence of the fact that gravity 
is attractive and acts indiscriminately on 
everything, including photons. The sin
gularity was probably characterized by 
infinite density and curvature, although 
all that is known with certainty is that a 
material observer moving back into the 
past would experience an abrupt and 
disconcerting end to his trip through 
space-time when he encountered it. He 
would be unable to travel any farther 
because the laws of physics require the 
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ELEMENTS HEAVIER THAN HELIUM were synthesized not in the big bang but in the in
terior of stars. If the star has a mass more than 20 times that of the sun, it is unstable and ex
plodes as a supernova, dispersing the heavy elements into space. As such a star contracts under 
the mutual gravitational attraction of its constituents the pressure and temperature of its interi
or increase until thermonuclear reactions transmute hydrogen into helium. After most of the 
hydrogen in the core is transmuted into helium the star contracts further until its internal tem
perature is high enough to transmute some of the helium into carbon. As the star continues to 
contract its temperature rises until carbon starts to be transmuted into heavier elements. At 
each stage a sheD of lighter material is left behind. The masses of the shells are in solar masses. 
In the star depicted here virtually all the hydrogen has been transmuted into heavy elements. 

universe to have a space-time boundary. 
(The traveler need not, however, experi
ence the big bang with its infinite densi
ties and temperatures.) 

The cosmological singularity is simi
lar to the singularity in the event horizon 
of a black hole, the hypothetical surface 
in which matter and light rays are con
fined by gravity. Nothing leaves a black 
hole because the velocity needed to es
cape the grasp of its gravity is greater 
than the speed of light, which the laws of 
physics require cannot be exceeded. It 
has bcen shown that an unfortunate 
astronaut who fell freely into a black 
hole would reach a physical singularity 
within a finite time (as time would be 
measured on his own watch). The singu
larity would be invisible to external ob
servers since it lies inside the event hori
zon of the black hole. Now, since pho
tons feel the pull of gravity, it is possible 
to determine whether at some time early 
in the history of the universe the pho
tons that currently make up the micro
wave background radiation could have 
exerted sufficient gravitational pull to 

create a trapped region analogous to a 
black hole. Within that region would be 
a cosmological singularity, which the 
physicist defines as the beginning of the 
universe. 

That the universal expansion originat
ed at a singularity has a far-reaching 
consequence in terms of the points in the 
universe that causally influence one an
other. Since no signal can move faster 
than the speed of light, an observer can 
be affected only by events from which a 
photon would have time to reach him 
since the beginning of the universe. Such 
events are described as lying within the 
observer's horizon. Consider two points 
with a spatial separation x at the begin
ning of time. Before the time it takes for 
light to travel between them (xl c, where 
c is the speed of light) the points will not 
"see" each other, "know" of each other's 
existence or be able to affect each other 
in any way. In general, regions of the 
universe with a spatial separation great
er than ct will not know of each oth
er's existence until a time t has elapsed. 
What this means is that regions of the 
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isotropic microwave background in dif
ferent directions of the sky (say more 
than 30 degrees apart) could never have 
causally influenced each other at any 
time in the past. That creates a paradox: 
How did causally disjoint primordial re
gions of the universe come to have the 
same temperature and expansion rates 
today to within at least one part in 
1,000? 

A further twist to the conundrum of 
the origin of the uniform background 
radiation comes from the fact that al
though the universe is quite regular on 
the scale of several tens of millions of 
light-years, it does have on a smaller 
scale some spectacular inhomogenei
ties in the form of galaxies and clusters 
of galaxies. The strength of the grav
itational field exerted by the largest 
of these inhomogeneities suggests that 
their ancient precursors would have cre
ated an anisotropy in the microwave 
background radiation over a scale of a 
few angular degrees. Observational as
tronomers are currently searching for 
such an anisotropy. Anisotropy would 
also arise from the remnants of ancient 
directional disparities in the universal 
expansion rate. It is not clear what phys
ical mechanisms have smoothed the ir-

regularities into the structured universe 
of today. 

What cosmologists are trying to ac
count for are the entropy and the large
scale structure of the universe, which 
appear to have existed when the uni
verse was less than a minute old. Such 
epochs are best defined, however, not in 
temporal units such as minutes or years, 
which are subject to correction as the 
yardsticks of astronomy are refined, but 
in units of red shift, which express the 
amount by which the universe was com
pressed with respect to its present size. 

On the one hand there are "chaotic" 
cosmologists, who like biologists main
tain that the properties of the universe 
are the result of evolutionary processes. 
They have tried to show that a kind of 
gravitational natural selection could de
liver the present large-scale structure as 
the inevitable result of physical smooth
ing and heating processes that have been 
going on since the big bang. If it could be 
demonstrated that the present structure 
would have arisen no matter what the 
initial conditions were, then the unique
ness of the universe would be estab
lished in theory as well as in actuality. 

On the other hand there are "quies
cent" cosmologists, who appeal largely 
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AN OBSERVER'S "HORIZON" is tbat part of tbe uuiverse consisting of events tbat can 
causally affect bim. Because information cannot be transmitted faster tban tbe speed of Iigbt 
an observer can be influenced only by events from wbicb Iigbt could bave traveled to bim since 
tbe time of tbe big bang. Here O' corresponds to tbe "singularity" witb wbicb tbe universe 
began and 0 corresponds to tbe present time. Tbe cone below 0 represents tbe borizon of 
events on tbe eartb. As tbe universe continues to evolve tbe eartb moves fartber out along tbe 
time axis and bence tbe cone gets larger. Tbe singularity may bave been so complex tbat differ
ent parts of tbe universe began tbeir expansion at different times. For example, tbe big bang 
could bave taken place at B' before it did at A'. Tbere are regions of tbe universe (A, B) tbat 
judging by tbeir radiation received on tbe eartb bave tbe same temperature and expansion rate 
to witbin one part in 1,000. Yet tbese regions bave never been causally connected at any time 
in tbe bistory of tbe universe. Tbis gives rise to a paradox: How can tbe two regions be so similar? 
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to the initial conditions to explain the 
present structure of the universe. They 
hypothesize that when the universe was 
created at the singularity, it had certain 
definite and preferred structural fea
tures for reasons, say, of self-consisten
cy, stability or uniqueness. This means 
that gravitational evolutionary proces
ses played a role not in shaping the 
overall configuration of the universe 
but only in molding substructures such 
as galaxies, stars and planets. A good 
deal of the theoretical work in cosmolo
gy over the past decade has centered on 
finding ways of distinguishing between 
the two alternative cosmologies. We 
shall devote the remainder of our dis
cussion to this work. 

I t is now believed that at ordinary tem
peratures all natural phenomena are 

governed by four fundamental forces: 
the 'gravitational force, the electro
magnetic force, the weak force and the 
strong (or nuclear) force. These forces 
in conjunction with a small number of 
additional parameters such as particle 
mass determine the structural charac
teristics of the universe. As the history 
of the universe is traced backward in 
time from the present to the singularity 
at a red shift of infinity some 10 billion 
years ago, each of the four fundamental 
forces will at some point come to domi
nate the others. Today the gravitation
al force is the one that governs the dy
namics of the large-scale expansion. Al
though the gravitational attraction of 
two protons is 1040 times weaker than 
their electromagnetic repulsion, gravi
ty becomes increasingly important in a 
system with a huge number of particles 
such as the universe. In the universe the 
number of positively charged particles 
should be equal to the number of nega
tively charged particles, and so on the 
whole the attractive and repulsive elec
tromagnetic interactions cancel out and 
exert no significant long-range forces 
over large regions. Since gravity is only 
attractive, however, it plays a major role 
in massive systems. It is the influence of 
the gravitational force, which has infi
nite range and acts on the photons of 
radiation as well as on the particles of 
matter, that determines the size of the 
largest objects in the universe, such as 
planets, stars, galaxies and cl usters of 
galaxies. 

If a local region of the early universe 
happened to have a density higher than 
that of the surrounding regions, it would 
gravitationally attract more matter than 
the less dense regions. As it contracted 
under the influence of its own gravity, it 
would increase in density and attract 
matter even more efficiently. What be
gan as a fluctuation in a fairly homoge
neous universe would eventually snow
ball into a huge inhomogeneity. Galax
ies seem to have formed at times equiva
lent to red shifts between 10 and 100 and 
to have come together in clusters at later 
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times. It is not known with any certainty, 
however, whether galaxies formed out 
of fragments of much larger fluctua
tions that disintegrated or out of smaller 
fluctuations that came together because 
of their mutual gravitational attraction. 

At a time equivalent to a red shift of 
Il. 1,000 (about 300,000 years after 
the big bang) gas pressure is stronger 
than gravity over a dimension equiva
lent to that of about 100,000 suns, but 
gravity is much stronger than gas pres
sure over larger dimensions. Fluctua
tions on the order of these larger dimen
sions grow until they eventually become 
large enough to collapse and form 
bound objects spanning a range of mas
ses from those of globular star clusters 
to those of galaxies. At times equivalent 
to red shifts greater than 1,000 the chief 
source of pressure is not gas pressure 
but the pressure of thermal radiation. In 
that epoch the dynamical behavior of 
density perturbations is determined by 
the electromagnetic force. 

Under these circumstances photons 
form a viscous fluid that inhibits the 
movement of electrons and protons. An 
electron, for example, would scatter im
pinging photons, which it feels as electri
cal pulses. Because of the law of the con
servation of momentum the scattering 
would slightly alter the electron's trajec
tory. The net result is that the electron, 
locked into the radiation field by the 
ceaseless barrage of photons, cannot go 
anywhere. Once the electron joins a pro
ton to form a hydrogen atom, howev
er, it effectively no longer feels photons 
because it is interacting primarily with 
the electric field of the proton. The lack 
of movement of individual electrons 
means that fluctuations in the density of 
matter, called isothermal density fluctu
ations, are preserved until the time when 
electrons and protons combine to form 
electrically neutral atoms. Such atoms 
can travel freely through the radiation, 
and so the gravitational growth and col
lapse can proceed. The isothermal den
sity fluctuations start to collapse when 
they acquire a mass of more than 100,-
000 suns. Such fluctuations come to
gether to form galaxies. 

Objects could also form from another 
kind of perturbation, called an adiabatic 
fluctuation, in which matter and radia
tion are perturbed together. If matter 
and radiation were squeezed slightly 
in a confined space, the excess pressure 
would create a kind of sound wave. Yet 
just as sound waves in air eventually 
dissipate and fade, so would a primor
dial sound wave. The critical length 
and mass below which the wave would 
be damped completely is determined by 
the ability of photons to escape from the 
adiabatic fluctuation in the time since 
the beginning of the universe. By a 
time equivalent to a red shift of 1,000 
only adiabatic fluctuations more mas
sive than the observed size of a massive 
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RADIATION EMITTED BY THE BIG BANG at microwave frequencies was detected in 
1965 by Arno A. Penzias and Robert W. Wilson of BeD Laboratories. Their measurements (col
ored region), together with those of other workers (shaded regions), show that the spectrum of 
the radiation is the spectrum of a black body at 2.9 degrees Kelvin (2.9 degrees Celsius above 
absolute zero). The radiation is uniform regardless of the direction to within one part in 1,000. 

galaxy or a group of galaxies survive 
the damping. In other words, less mas
sive adiabatic fluctuations are smoothed 
out, whereas the more massive ones per
haps survive, grow and eventually col
lapse into massive galaxies and groups 
of galaxies. 

In summary, this reconstruction of 
the probable evolution of the hot 

early universe consists of two kinds of 
density fluctuation, the isothermal and 
the adiabatic, which roughly correspond 
respectively to a globular star cluster 
or a dwarf galaxy and to a cluster of 
galaxies. The picture is undoubtedly a 
gross oversimplification because in gen
eral an arbitrary inhomogeneity would 
be expected to have an admixture of 
both isothermal and adiabatic compo
nents. Moreover, newly formed struc
tures could merge or fragment, leaving 
no trace of their previous individual 
identity. In spite of these qualifications 
cosmologists would be rash to ignore 
this simple picture because the preferred 
masses that emerge out of the two kinds 
of fluctuation are comparable to the 
masses of the objects whose origin they 
are trying to explain. 

At a time equivalent to a red shift 
of 1010, when the universe was only a 
few seconds old and its temperature was 
1010 degrees K., physical processes are 
mediated by the weak force. This force 
governs certain radioactive decay proc
esses involving a free neutron or a neu
trino: a spinning pointlike particle with 
no charge and negligible mass. At times 
equivalent to red shifts greater than 1010 
the weak force keeps the protons and 
neutrons in thermal equilibrium: a sta
tistical state where the number of parti
cles with properties (position, mass, en
ergy, velocity, spin and so on) in a speci
fied range remains constant because the 
rate of particles entering that range is 
equal to the rate of particles leaving it. 

When particles achieve a state of ther
mal equilibrium, their behavior is deter
mined not at all by their history but en
tirely by a set of statistical laws based on 
their temperature. This means that it is 
unnecessary to pry any farther into the 
past to understand the behavior and the 
relative concentrations of protons and 
neutrons. 

The weak force in conjunction with 
the big-bang model of expansion leads 
to the prediction that the abundance of 
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primordial helium in the universe is be
tween 25 and 30 percent. This predic
tion, which has now been confirmed, has 
led to a precise and direct observation
al test of big-bang cosmology. What the 
success of the prediction means is that a 
few seconds after the big bang the uni
verse was at least as regular on a large 
scale as it is today and had almost the 
same entropy. Cosmologists are trying 
to determine the degree of regularity be
fore that time. 

At times equivalent to red shifts great
er than 1010, neutrinos and their anti
particles (antineutrinos) play a big role. 
Today these particles are quite elusive 
because they almost never interact with 
anything in the rarefied medium of the 
present universe. Yet when the universe 
was a little less than a second old matter 
and radiation were so dense that neu
trinos rapidly interacted strongly with 
them. At a time equivalent to a red shift 
of 1010 a typical neutrino traversed a 
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CHARACTERISTICS OF THE FOUR FUNDAMENTAL FORCES that govern all the in
teractions of matter and energy are given in the table at the top; the range and relative strengths 
of the forces are given in the diagram at the bottom. Above a certain energy called the nnifica
tion energy the forces lose their individuality. The more than 200 kinds of subatomic particles 
all respond to at least one of the forces. The particles fall in two broad categories: the hadrons 
(including the proton, the neutron and the pion), which seem to have an inner structure, and 
the leptons (the electron, the muon, the tau particle and the neutrinos associated with each of 
them), which have no constituent parts. The hadrons are further divided into the baryons, 

which decay ultimately into the proton, and the mesons, which decay into leptons and photons 
(quanta of electromagnetic radiation) or into pairs consisting of a proton and an antiproton. 
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significant extent of the universe' before 
it collided with another particle. This 
means that the neutrinos could effec
tively transport energy and momentum 
over extremely large distances. They 
would do so by absorbing energy in 
high-energy regions of the universe and 
transferring it by occasional collisions 
to low-energy regions. As a result the 
neutrinos act to smooth out any nonuni
formities in the distribution of matter 
that might have been created by direc
tional differences in the overall expan
sion of the early universe. 

The possibility of smoothing by neu
trino-transport processes was suggested 
in 1967 by Charles W. Misner of the 
University of Maryland in the hope that 
such processes could remove a host of 
irregularities associated with the initial 
singularity of a chaotic universe. This 
hope has now foundered on the realiza
tion that if the initial expansion were 
sufficiently asymmetrical, the universe 
would expand so rapidly that there 
would not be enough time for neutrinos 
to collide with other particles. In oth
er words, a highly anisotropic universe 
could remain that way. It seems that 
neutrino transport and other smoothing 
processes could only remove anisotro
pies below a certain level. No matter 
how efficient a smoothing process was 
postulated, it was always possible to 
imagine a model universe that would 
nonetheless remain much more irregu
lar than the present-day universe actu
ally is. This consequence of the weak 
force cannot satisfy the central tenet of 
chaotic cosmology: the evolution of the 
regular present-day universe from any 
initial state no mattei how irregular. 

Perhaps the homogeneous universe 
could be the result of more complex 
smoothing processes, such as Misner's 
ingenious "mixmaster" universe in 
which matter would be mixed periodi
cally by explosions expanding at the 
speed of light first in one direction and 
then in another. This process is an exotic 
and complex one developed on the basis 
of the general theory of relativity. The 
probability of such explosions, how
ever, seems to be infinitesimal. In fact, 
the conditions required for such mixing 
are almost as special as those required 
for the initial universe to be precisely 
regular. This means that the mixmaster 
model explains very little. The search 
for complex smoothing processes that 
would require fewer special conditions 
is part of the continuing work in chaotic 
cosmology. 

I t is time to leave the epoch of the weak 
force to move closer to the cosmo

logical singularity and tentatively probe 
the first milliseconds of the universe. 
There, where the temperatures and the 
particle energies exceed those achieved 
by the most powerful man-made accel
erator and the radiation density is com
parable to the density of the atomic 
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nucleus, the dominant force between 
particles is the strong force. The extrap
olation of our model into these earliest 
times is somewhat precarious because 
the understanding of the basic physics is 
not complete. When the strong force an
nihilates a proton and an antiproton, it 
gives rise to two energetic photons mov
ing in opposite directions. In the first 
millisecond of the universe the tempera
ture would have been so high that such 
an annihilation and the inverse process, 
the spontaneous production of nucleons 
and antinucleons from photons, would 
be quite efficient. Nucleons and radia
tion would have been indistinguishable. 
The average entropy of 108 photons 
per nucleon observed today implies that 
when the last annihilation took place, 
one proton survived for every 108 pho
tons created by the destruction of other 
pairs of particles and antiparticles. 

It seems that just before the universe 
was a millisecond old there was a mi
nute imbalance between matter and an
timatter: 1 .0000000 1 particles per anti
particle. Until recently the origin of this 
peculiar imbalance was a complete mys
tery because of a principle having to do 
with baryons: heavy particles, includ
ing nucleons, that feel the strong force. 
Physicists believed the number of bary
ons in a system minus the number of 
anti baryons was absolutely fixed for all 
time. No interactions or transforma
tions of the particles could ever change 
this quantity. If this were true for the 
universe as a whole, the asymmetry of 
one part in 108 of matter over antimat
ter must have been built into the initial 
structure of the big bang. 

Over the past year cosmologists have 
been actively investigating the conse
quences of a new extension of the theory 
of matter in which the electromagnetic, 
the weak and the strong force are all 
unified at sufficiently high temperatures. 
Above 1026 degrees K. these forces lose 
their individuality, whereas at lower 
temperatures they seem to be indepen
dent (although they are actually differ· 
ent aspects of an underlying unity). This 
kind of unification is possible only if the 
quarks that make up protons and oth
er elementary particles are able to de
cay. Such decay has a surprising conse
quence: the proton is an unstable parti
cle, although it has an average lifetime 
of about 1031 years. In spite of the in
frequency of proton decays, physicists 
hope to observe some decay within the 
next year or so by an experiment ex
amining a sufficiently large mass: 1,000 
tons of matter consisting of roughly 1032 
protons. 

The possibility of such unusual proc
esses indicates that the level of particle
antiparticle asymmetry in the universe, 
which determines the observed entropy, 
is not absolutely invariant. It can change 
dramatically in the first 10 -35  second of 
the universe, when the processes that 
mediate the decay of protons are abun-
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SPACE-TIME DIAGRAM of the universe traces its history from the singularity of roughly 
20 billion years ago. The shaded region represents the horizon of a hypothetical observer at 
the singUlarity. Each fundamental force came to dominate the behavior of matter at some point. 

dant. Recent work shows that after this 
early instant a stable level of asymme
try between particles and antiparticles 
is eventually frozen into the universe, 
and the predicted value is close to the 
observed asymmetry of one part in 
108• The observed entropy need not be 
strongly dependent on the initial condi
tions of the big bang in the first 10-35 
second. 

so far we have been taking into ac
count only the corpuscular proper

ties of matter. As we speculate on what 
happened right after the big bang the 
wave properties of matter must also 
be considered. According to quantum 
mechanics, every particle behaves as 'a 
wave with a length equal to 2. 1 X 10-37 
divided by the particle's mass. This 
wavelength, called the Compton wave
length, is infinitesimal by everyday stan
dards, but only 10 -23 second (the Comp
ton time) after the big bang the Comp
ton wavelength ( 10-13 centimeter) of a 
proton would be equal to the size of 
the causally connected region of the 
universe. There is nothing fundamental 
about this scale, however, because there 
is nothing fundamental about protons, 
which are of course made up of quarks. 

The ultimate barrier is reached at 
times close to 10-43 second (the Planck 
time) after the big bang, because caus
ally connected regions of the universe 
were compressed to a scale smaller than 
the Compton wavelength of their entire 
mass content. Before the Planck time 
the usual interpretation of space-time 
is probably invalid because quantum
mechanical fluctuations dominate the 
geometry of space-time. Undoubtedly 
many secrets of the universe would be 
revealed by an understanding of pre
Planck time, but achieving such an un
derstanding is currently a remote possi
bility. Achieving it will probably have to 
await a new physical theory that synthe
sizes the theory of relativity and quan
tum theory. Cosmologists now regard 
the Planck time as being in effect the 
moment of creation of the universe; 
they leave to speculation any possibility 
of an earlier phase of evolution. 

The epoch between the Planck time 
and the Compton time is a little more 
accessible to theoretical work. In that 
epoch quantum mechanics points to a 
mechanism that might have erased ir
regularities in the universe. According 
to quantum mechanics, all space is filled 
with pairs of "virtual" particles and 

125 

© 1980 SCIENTIFIC AMERICAN, INC



antiparticles. Such particles, which ma
terialize in pairs, separate, come back 
together and annihilate each other, are 
called virtual because unlike real parti
cles they cannot be observed directly by 
particle detectors, although their indi
rect effects can be measured. If a pair of 
virtual particles is subject to a force field 
that is either extremely powerful or rap
idly varying, its components might sepa
rate so quickly that they could never 
come back together. In this case the vir
tual particles would become real ones, 
their mass being supplied by the energy 
of the force field. Close to the Planck 
time the required force field might be 
generated by the changing expansion 
dynamics of the universe itself. 

The Russian astrophysicist Va. B. 
Zel'dovich has proposed that the 

production of real particles from virtual 
ones would erase the anisotropies and 
non uniformities in the initial structure 
of the universe. It is imagined that radi
ation and particles would be preferen
tially spawned in the overly energetic 
regions of space. The newly formed par
ticles would transfer energy from high
density regions to lower-density ones. 
Moreover, they would tend to equalize 
the rates of expansion in different direc
tions. Much as people stepping onto a 
rotating merry-go-round tend to slow it 
down, the sudden appearance of par
ticles would slow down the rapidly 
spinning and moving regions. Perhaps 
it is this quantum-physical mechanism 
that is responsible for the homogene
ous large-scale structure of the present
day universe. 
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viewed several smoothing mechanisms 
that might be responsible for the pres
ent regularity of the universe, mecha
nisms such as neutrino transport and the 
creation of real particles from virtual 
ones. As promising as these mechanisms 
may seem, we believe thermodynami
cal considerations demonstrate that they 
are severely limited. Since entropy in
creases with time, the present level of 
entropy in the universe ( l OB) puts an 
upper limit on the amount of dissipa
tion that has occurred during the past 
history of the universe. The smoothing 
of anisotropies and inhomogeneities in 
the initial structure would irreversibly 
convert the energy of irregularity into 
heat energy. The erasure of primor
dial chaos would generate radiation, 
but the low level of the microwave 
background radiation means that there 
could not have been an arbitrarily large 
amount of heating and smoothing in 
the past. 

. 

Moreover, it has been shown that in 
general the sooner after the big bang the 
irregularities are damped out, the more 
thermal radiation would be generated. 
Most of the dissipative mechanisms we 
have discussed would be fully operative 
right after the big bang. This means that 
if the universe were made with anything 
but a small degree of irregularity, entro
py would be created at the singularity in 
excess of the observed level. But how 
small must the initial irregularity have 
been? The work of Barry Collins and 
Stephen Hawking of the University of 
Cambridge shows that a highly but not 
perfectly regular universe is unstable. 
The slightest deviation from regularity 
would tend to grow in time as the un i-
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THERMAL EVOLUTION OF THE UNIVERSE is shown in terms of the number of photons 
per baryon, which is a measure of entropy: the number of possible states in a system. Little is 

known about the epoch before 10 -43 second b ecause under the conditions that prevailed in that 
epoch the general theory of relativity and the theory of quantum mechanics seem to contradict 
each other. Before 10 -4 second there was an imbalance of matter and antimatter that may 
have arisen spontaneously at about 10 -35 second. If the universe had been chaotic after 10 -35 
second, any smoothing processes that led to the highly homogeneous form of the present-day 
universe would have given rise to many more photons per baryon than are observed today. 
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verse expanded regardless of the dissi
pative mechanisms. To put it another 
way, a universe beginning its expansion 
in anything but a precisely regular con
figuration would tend to become in
creasingly irregular. This means that 
the initial irregularities could only have 
been infinitesimal. Our own work indi
cates that there is a hierarchy of irregu
larities in the universe. As progressively 
larger volumes of space are examined, 
the degree of irregularity decreases in a 
way that suggests the initial irregulari
ties were only statistical fluctuations of a 
regular state. 

What we are saying is that the present 
entropy level shows that the universe 
has evolved in an exceedingly regular 
way from as far back as the first 1 0 -35 
second of its existence. Before that time 
complex processes involving the non
conservation of the symmetry of par
ticles and antiparticles and the quan
tum properties of the gravitational field 
erased any memory of the initial entro
py per nucleon. Although the dissipa
tion of chaos at those early times could 
also have generated many photons, nu
cleons would have been created as well, 
and the net number of photons per 
nucleon might have decreased or in
creased. Of course, the total entropy of 
the matter and radiation in the universe 
must always increase. 

An unsettled question is whether the 
initial conditions are unique or whether 
another set of conditions could have 
done the same job. Several candidates 
for initial conditions have been pro
posed by theorists. One possibility is 
that the strong force served to keep mat
ter highly rigid at the time of the singu
larity. At extremely high densities two 
nucleons could repel each other in the 
same way that two like magnetic poles 
do. Such a repulsion, which would 
prevent heavy nuclei from collapsing, 
might come to dominate the overall be
havior of the interacting particles. An 
early state dominated by the strong 
force would remain quite regular be
cause the high pressure would prevent 
distortions or turbulence from develop
ing as the density increased. 

Another possibility, developed by Rog
£\. er Penrose of the University of 
Oxford, is based on the proposal that 
the overall gravitational field of the 
universe itself has an entropy that is 
proportional to and dependent on its 
uniformity. Since gravitational entropy, 
like all other forms of entropy, should 
always increase with time, the initial 
state of the universe would have been 
one of low gravitational entropy and 
regularity. To minimize gravitational 
entropy the universe might have ac
quired a regular, isotropic configura
tion, as a soap bubble minimizes the en
tropy associated with its surface area by 
assuming an isotropic spherical shape. 
As the universe ages and expands, the 
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EPOCH RED SHIFT 
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PLANCK TIME 1 032 
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DECOUPLING ERA 1 03 
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5 

3 
1 

ARCHEOZOIC ERA 
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PALEOZOIC ERA 

MESOZOIC ERA 

CENOZOIC ERA 

EVENT 

BIG BANG 

PARTICLE CREATION 

ANNIHILATION OF PROTON-ANTIPROTON PAIRS 

ANNIHILATION OF ELECTRON-POSITRON PAIRS 

NUCLEOSYNTHESIS OF HELIUM AND DEUTERIUM 

RADIATION THERMALIZES PRIOR TO THIS EPOCH 

UNIVERSE BECOMES MAnER-DOMINATED 

UNIVERSE BECOMES TRANSPARENT 

GALAXIES BEGIN TO FORM 

GALAXIES BEGIN TO CLUSTER 

OUR PROTOGALAXY COLLAPSES 

FIRST STARS FORM 

QUASARS ARE BORN; POPULATION 11 STARS FORM 

POPULATION I STARS FORM 

OUR PARENT INTERSTELLAR CLOUD FORMS 

COL LAPSE OF PROTOSOLAR NEBULA 

PLANETS FORM ; ROCK SOLIDIFIES 

INTENSE CRATERING OF PLANETS 

OLDEST TERRESTRIAL ROCKS FORM 

MICROSCOPIC LIFE FORMS 

OXYGEN-RICH ATMOSPHERE DEVELOPS 

MACROSCOPIC LIFE FORMS 

EARLIEST FOSSIL RECORD 

FIRST FISHES 

EARLY LAND PLANTS 

FERNS, CONIFERS 

FIRST MAMMALS 

FIRST BIRDS 

FIRST PRIM ATES 

MAMMALS INCREASE 

HOMO SAPIENS 

YEARS AGO 

20 x 1 0' 
20 x 10' 
20 x 10' 
20 x 10' 
20 x 10' 
20 x 10' 
20 x 10' 
19. 9997 x 10' 
18-1 9  x 10' 
1 7 x 10' 
1 6 x 10' 
1 5.9 x 10' 
1 5 x 10' 
10 x 10' 
4.8 x 1 0' 
4.7 x 10' 
4.6 x 10' 
4.3 x 10' 
3.9 x 1 0' 
3 x 10' 
2 x 10' 
1 x 10' 

600 x 1()6 
450 x 1()6 
400 x 1()6. 
300 x 1()6 
200 x 1()6 
1 50 x 1()6 
60 x 1()6 
50 x 1()6 
1 x 10 5 

MAJOR EVENTS I N  THE UNIVERSE'S HISTORY are listed. 
The time scale of ancient events must be regarded as tentative because 
the precise age of the universe is not known. It is therefore better to 
date such events in terms of the red shift, which is a measure of the de-

gree of compression of the expanding universe. At the ultrahigh ve
locities characteristic of times close to the big bang the red shift is 
equal to (1 + v/c)/(l - v2/c2)1/2 - 1, where v is velocity of the ra
diation source and c is velocity of light (3 X 1 0 8  meters per second). 

gravitational entropy would increase to 
reflect the growth of such inhomogenei
ties as galaxies and clusters. 

Still another speculative possibility 
for the initial conditions of the universe 
is based on Mach's principle: The mo
tion of an object is determined not by 
the characteristics of some "absolute" 
geometrical space but solely by the ma
terial content of the universe. (The prin
ciple was first advanced in 1893 by Ernst 
Mach in a critique of Newton's concept 
of an absolute space to which the mo
tion of all objects is referred.) Although 
Mach's principle is not a consequence of 
the theory of relativity, it has been intro
duced into the theory either as a bound
ary condition on the relativistic equa
tions or as a sieve for eliminating solu
tions that are not physically acceptable. 
Derek Raine of the University of Leices
ter has developed a detailed version 
of the latter alternative, and out of his 
work comes the requirement that the in
fant universe be almost completely iso
tropic and homogeneous. 

The last possibility we shall discuss is 
based on the idea that the initial condi
tions are limited by the very fact that 

they have led to human life on the earth. 
This idea, called the anthropic cosmo
logical principle, was introduced by G. 
J. Whitrow of the University of London, 
Robert H. Dicke of Princeton Universi
ty and Brandon Carter of the Meudon 
Observatory and was developed by John 
A. Wheeler of the University of Texas 
at Austin. Consider how this principle 
bears on the question of the size of the 
universe. Since the universe is constant
ly expanding, its size depends on its age. 
The anthropic cosmological principle 
has convinced us that the universe must 
inevitably be about 10 billion light
years in diameter. A smaller universe 
would have existed for less than the bil
lion years necessary for the heavy ele
ments essential to human life to be syn
thesized by thermonuclear reactions in 
the interior of stars. Moreover, if the 
universe were much bigger and hence 
much older, the stars needed to estab
lish the conditions of life would have 
long since completed their evolution and 
burned out. 

The anthropic cosmological principle 
bears on the universe's entropy level of 
108• If this number were increased by a 

factor of 1,000 or so, it would not be 
possible for proto galaxies to condense 
to the density at which stars would form. 
Without stars the solar system and the 
heavy elements of living matter would 
not have been created. If the universe 
were initially fairly irregular, it would 
have irreversibly generated copious 
quantities of heat radiation because of 
the many efficient entropy-generating 
channels open to it at the time of the 
singularity. Again this would have re
sulted in an entropy and a radiation 
pressure in excess of the values favoring 
the condensation of proto galaxies. Such 
a universe could not have been observed 
by us. These ideas indicate one thing: 
man's existence is a constraint on the 
kinds of universes he could observe. 
Many features of the universe that are 
remarkable to ponder are inevitable pre
requisites of the existence of observers. 

This unusual approach has even been 
extended to the values of the funda

mental constants of nature. Consider a 
change in the strength of the strong
interaction coupling constant of only a 
few percent. As small an increase as 2 
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percent would block the formation of 
protons out of quarks and hence the for
mation of hydrogen atoms. A compara
ble decrease would make certain nuclei 
essential to life unstable. By the same 
token small changes in the electric 
charge of the electron would block any 
kind of chemistry and rule out the exis
tence of stable planet-supporting stars. 

Although the anthropic cosmological 
principle indicates why the structural 

A 

5 

features of the universe are in . some 
sense inevitable, it leaves the reason for 
these features a mystery. Whatever the 
scientific status of the anthropic cosmo
logical principle may be, its impact on 
the history of ideas may be significant. 
The principle overcomes the tradition
al barrier between the observer and the 
observed. It makes the observer an in
dispensable part of the macrophysical 
world. 

3 r--------------------------� 
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"MIX MASTER" MODEL OF THE UNIVERSE, developed by Charles W. Misner of the Uni
versity of Maryland, is a complex cosmological model that is consistent with the general theory 
of relativity. The mixmaster universe is a ball of fluid tbat expands througb a series of random
ly oriented cigar and pancake shapes. As the universe expands in one direction it contracts in a 
perpendicular direction (top). The variation in the radii of three orthogonal axes (A, B, C) as 
a function of time shows the transition from the pancake form to the cigar form as the uni
verse increases in volume (bottom). The numbers on the time axis correspond to the six shapes. 
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When someone needs 
the fire department,its no time to be 

lookiitg up a phone number. 

The last thing anyone 
should have to do in an 
emergency is rummage 
through a telephone 
directory. 

N ow, instead of looking 
up the firehouse or police 
station, a doctor or relative, 
there's a simpler way. 

You can ring them up 
by just touching one of 
four master pushbuttons on 
a remarkable new phone. 

The phone? A brainy 
piece of equipment called 
the Security Phone�M de
veloped by the people of ITT. 

All you do is plug this 
phone into a wall jack. (Your 
local telephone company 
will install jacks if you don't 
already have them. )  

Then you merely punch 
in the four major emergency 
numbers, plus any six other 
numbers you call often or 
may need to call in a hurry. 

And to make you even 
more secure, our Security 
Phone will work under any 
conditions . 
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At ITT we make tele

phones for people with 
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But none is more basic 
than our Security Phone. 
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basic than peace of mind? 
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The Social Ecology of Coyotes 
The nature of their food supply seems to determine whether 
they live alone or in a pack. Such patterns ofbehavior may bear 
on the question of whether or not they are a threat to livestock 

by Marc Bekoff and Michael C. Wells 

M
otion-picture films about the 

American West almost always 
depict coyotes in the same 

way, as solitary animals howling 
mournfully on the top of a distant hill. 
In reality coyotes are protean creatures 
that display a wide range of behavior. 
They are characterized by highly varia
ble modes of social organization, rang
ing from solitary (except for the breed
ing season) and transient individuals to 
gregarious and stable groups that may 
live in the same area over a long period 
of time. Between the two extremes are 
single individuals and mated pairs that 
tcnd to remain in one area. Indeed, a 
single coyote may in its lifetime experi
ence all the different grades of sociality. 
This remarkable flexibility in the ways 
coyotes interact with one another can 
best be understood by examining their 
ccology, or the ways they interact with 
their environment. 

It is generally accepted that most ani
mal characteristics are the product of an 
interaction between inherited predispo
sitions and the environment. In other 
words, although the cumulative passing 
of genes by successfully reproducing in
dividuals establishes certain tendencies 
in each animal, many observable traits 
are subject to modification by proxi
mate, or immediate, factors in the ani
mal's environment. Thus many of an an
imal's traits, in particular behavioral 
ones, can be viewed as adaptations to 
the environments in which the animal 
has lived or is living. For example, the 
Dutch ethologist Hans Kruuk, who has 
done intensive studies of hyenas, has 
concluded that for many large carni
vores, which typically have few preda
tors (other than man), the nature of food 
resources is an important proximate 
factor that influences social behavior. 
More precisely, it appears that varia
tions in the sociality of carnivores of 
the same species can often be traced to 
differences in their food supply. 

For the past three years we have been 
observing the behavior of coyotes in the 
wild, mostly in Grand Teton National 
Park near the town of Jackson in north
western Wyoming. Our studies indicate 
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that the social organization of coyotes 
is indeed a reflection of their food re
sources and that three variables have a 
direct and significant impact in this re
gard: the size of the available prey, the 
prey's spatial distribution and its tempo
ral, or seasonal, distribution. We shall 
report on our findings about both the 
specific behavioral adaptations coyotes 
seem to make to different types of food 
supply and the advantages these adapta
tions seem to confer. Before we under
take to sort out this aspect of the com
plex relation between coyotes and their 
environment we shall briefly describe 
the animals and the setting in which we 
are studying them. 

Coyotes (Canis latrans) belong to the 
same mammalian family as jackals, 

foxes, wolves and domestic dogs. There 
are 19 recognized subspecies of coyotes, 
but because the animals are currently 
more mobile than they used to be and 
crossbreed to a greater extent there 
seems little reason to retain the more 
refined classification. Coyotes mate 
once a year and are generally monoga
mous, so that the same pair may mate 
in the same area over long periods, of
ten returning to the same den site year 
after year. (Coyotes bear their young 
in holes in the ground, which they may 
or may not dig for themselves; the coy
otes we observed generally made use of 
holes that had already been excavated 
by badgers.) 

In a study of coyotes in the Canadian 
province of Alberta, Donald Bowen of 
the University of British Columbia not
ed that coyotes living in packs not only 
eat, sleep and travel in close association 
with one another but also tend to exhibit 
dominance relations. Franz J. Camen
zind, who has studied coyotes on the 
National Elk Refuge adjoining the town 
of Jackson, has made similar observa
tions. In general pack members are 
more sociable with one another than 
they are with outsiders, such as single 
coyotes living in the same area or pass
ing through. It appears that most mem
bers of a coyote pack are genetically 
related. Indeed, the basis of coyote so-

cial structure is probably the mated pair 
supplemented by those offspring that 
do not leave the pack when they are old 
enough to care for themselves. 

Typically only one male and one fe
male breed in each pack. Some of the 
nonbreeding individuals may help to 
raise other members of the pack, most 
probably their younger siblings, and to 
defend food supplies, mainly against 
other coyotes. Packs may also include 
non breeding hangers-on, probably also 
offspring of the mated pair in the pack, 
that continue to live in the vicinity of the 
pack but interact very little with it. (It is 
possible that these individuals benefit 
from such a minimal association by "in
heriting" a breeding area after a parent 
leaves it or dies.) 

Coyotes are found in diverse habitats 
in Canada, Central America and most 
of the states of the continental U.S., but 
even within a single geographical setting 
their social behavior can vary dramati
cally. Our primary site for the long-term 
observation of wild coyotes is the area 
around Blacktail Butte in the southeast
ern corner of Grand Teton National 
Park. This is a particularly good place 
for a study of behavior and ecology be
cause the animals that live in the park 
are relatively unaffected by man. More
over, from Blacktail Butte, which rises 
some 300 meters from the surrounding 
valley floor, it is easy to observe coyotes 
going about their normal activities. Our 
findings for the B1acktail Butte area 
have been supplemented by observa
tions of coyotes one of us (Bekoff) made 
with the aid of several students in Rocky 
Mountain National Park in Colorado. 
In the Moraine Park section of that 
park, where the study was carried out, 
the environmental conditions were quite 
different from those found at B1acktail 
Butte, and so in many cases comparing 
data from the two locations has helped 
us to identify variables infl uencing so
cial behavior. We have also done experi
ments with animals in captivity, so that 
relevant competing variables could be 
more closely controlled. 

For studies such as ours it is impor
tant to be able to identify various mem-
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bers of a wild population, but in the 
case of coyotes distinguishing charac
teristics such as size (ranging from eight 
to 20 kilograms for males) and coat col
or (a highly variable blend of white, 
gray, brown and rust) may change with 
time. As a result it has been necessary 
to capture and mark individual coyotes, 
and for this purpose we generally rely 
on foot traps, the jaws of which are 
wrapped with thick cotton padding to 
reduce the likelihood of injury to the 
trapped animal. To keep the coyote 
from thrashing around in the trap we 
frequently attach a tranquilizer pellet, 
which the animal usually swallows. The 
tranq uilizer sedates the trapped coyote 
but does not render it unconscious. The 
trap lines are covered on foot, on skis or 
by automobile every six to eight hours 
so that the coyotes are restrained no 
longer than is necessary. 

Once a coyote has been captured it 
becomes extremely docile, and so when 
we find a coyote in one of our traps, we 
immediately release it and then proceed 
to weigh it, note its sex, make an assess
ment of its physical condition and esti
mate its age. Next we attach a colored 
identification tag to each ear and fit it 
with a collar bearing a small radio trans-

mitter. In this way after the coyote is 
released we can identify it even when it 
is out of sight, and we can always tell 
which coyotes are associating with one 
another. Because the area around Black
tail Butte is quite open, however, we are 
usually able to see the coyotes (with bin
oculars or a spotting telescope if not 
with the eye), and the radio transmitters 
serve primarily. for the gathering of data 
on wide-ranging movements of individ
uals and groups. 

There are many ways in which the na
ture of food resources might influ

ence the social behavior of coyotes. For 
example, when large prey animals such 
as ungulates (hoofed mammals) are 
available, several carnivores (including 
lions, wolves, jackals and African wild 
dogs) have been seen to band together in 
packs for cooperative hunting. Pack liv
ing may also be an adaptation for the 
defense of major food supplies such as 
caches of carrion. The observations of 
David Macdonald of the Animal Be
havior Research Group at the Universi
ty of Oxford indicate that this is the case 
for golden jackals (Canis aureus) found 
in Israel. We have observed that for coy
otes, at least in the conditions under 

which we are observing them, group 
hunting is a rare and generally unsuc
cessful undertaking. In fact, from our 
vantage on Blacktail Butte we have nev
er seen either a group of coyotes or a 
single coyote attacking a large live un
gulate. On the other hand, our findings 
and Bowen's indicate that coyotes do 
group together to defend certain food 
resources. 

In the area around Blacktail Butte 
there is a significant seasonal fluctua
tion in the food items that sustain coy
otes. In "summer" (the period from 
May through October) the coyotes feed 
mainly on rodents such as pocket go
phers, field mice and Uinta ground 
squirrels. In "winter" (the period from 
November through April) the major 
food supply is the carrion of ungulates 
such as deer, moose and in particular elk 
that have died from causes other than 
coyote predation. To put it another way, 
in summer the coyotes hunt and kill 
small prey that are generally distributed 
widely over the area in which the coy
otes live and in winter they feed on large 
dead prey (mainly elk) that because of 
the formation of herds and legal hunt
ing by human beings during a limited 
season generally tend to be distributed 

.. 

MEMBERS OF A COYOTE PACK gather around the carcass of an 
elk in the snow on the National Elk Refuge adjoining the town of 
Jackson, Wyo. Coyotes display remarkably flexible patterns of social 
organization, ranging from transient individuals and mated pairs to 
large, stable groups that tend to remain in one area. Studies of these 
animals in the wild indicate that pack living represents an adaptation 

to large, clumped food resources such as the carrion of ungulates 
(hoofed mammals), whereas solitary living is associated with the avail
ability of small live prey such as rodents (see il/ustration on page 
136). Coyotes have rarely been observed to prey on the large ungu
lates (elk, moose and so on) whose carrion generally sustains them 
in winter; the elk shown in this photograph died of other causes. 
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as isolated clumps of carrion. The in
creased availability of carrion in winter 
is a widespread phenomenon, largely as 
a result of the higher ungulate mortality 
in that season. 

Our basic hypotheses about the role 
that the size of food items and their spa-

tial and seasonal distribution play in 
molding coyotes'. social behavior sug
gest that it should be possible to see vari
ations in the sociality not only of popu
lations of coyotes with access to differ
ent food resources but also within a sin
gle population from season to season. 

To determine the effects of the seasonal 
fluctuation of prey at Blacktail Butte we 
compared the sizes of the coyote groups 
we found there in summer and in winter. 
Between September, 1977, and August, 
1979, we made more than 1,000 sight
ings of 35 marked coyotes and about 15 

PACK MEMBER DEFENDS CARRION (not visible) by ''threat 
gaping" at an intruding coyote to chase it away. The two coyotes at 
the lower right belong to the same pack as the coyote at the center 

THREE-WEEK-OLD COYOTE PUPS require feeding and protec
tion and remain close to the hole in the ground that serves as their den. 
(Although coyotes may excavate their own den, these pups are in an 
abandoned badger hole their parents enlarged.) Coyote pups begin to 
make forays away from the den when they are two to three months 

132 

does and so remain unthreatened near the carrion. Ability to success
fully defend such a food supply appears to be one of principal advan
tages of pack living. Photograph was taken by Franz 1. Camenzind. 

old, and they may strike out on their own when they are six to nine 
months old. It seems that most members of a coyote pack are ge
netically related and that the basis of coyote social structure is prob
ably the mated pair supplemented by a number of nondispersing off
spring. In most instances only one male-female pair in a pack breeds. 
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unmarked ones and found that in the 
summer months, when rodents were the 
major food resource, the average group 
size was 1.3 individuals and that in win
ter the average rose to 1. 8. Hence the 
availability of large, clumped prey items 
did seem to be correlated with height
ened sociability in these coyotes. 

Moreover, we made another interest- . 
ing discovery when we compared our 
findings with Camenzind's for coyotes 
on the National Elk Refuge. Camen
zind's observation site is only about sev
en kilometers from our own, but since 
many more elk winter there, the supply 
of ungulate carrion is larger and denser. 
Camenzind found that on the elk refuge 
the coyote groups were also larger, with 
an average group size of 1.6 individuals 
in summer and three in winter. This find
ing suggests that the increased availabil
ity of ungulate carrion in winter not only 
serves to increase sociability in that sea
son but also may have a cumulative 
effect, resulting in increased gregari
ousness the following summer. It is also 
interesting to note that in the Moraine 
Park area of Rocky Mountain National 
Park, where for three successive winters 
there was virtually no ungulate carrion, 
the situation was quite different. The 
coyotes were forced to depend on small 
rodents throughout the year, and the av
erage group size in both summer and 
winter was 1.1. 

We also compared the frequency with 
which three coyote social groupings
single individuals, . mated pairs and 
packs of three or more individuals
were sighted at the various observation 
areas over an entire year. For example, 
at Blacktail Butte 35 percent of our 
sightings were of packs and about 50 
percent were of single individuals, either 
transients passing through an area occu
pied by a pack (or by a mated pair) or 
solitary coyotes living on the edges of 
the area. On the carrion-rich elk ref
uge, however, only about 15 percent of 
Camenzind's observations were of sin
gle coyotes and about 60 percent were 
of packs. It would appear that in the vi
cinity of Blacktail Butte, where ungulate 
carrion is scarcer and is clumped in only 
a few small areas, fewer individuals can 
live in packs that defend these resources. 
The remaining coyotes, which are gen
erally excluded from the clumped carri
on, must forage widely for food, either 
alone or as a mated pair. This conclu
sion is supported by the fact that at the 
Rocky Mountain National Park site, 
where there was almost no carrion, 97 
percent of the sightings were of single 
individuals. 

In order to gain a better understanding 
of the nature of coyote groupings and 

the advantages of the adaptation to de
fendable resources we did not have to 
cover a large area. Indeed, the observa
tion over the past three years of two 
groups of coyotes with contiguous home 

('Ybu can stop now with the luxury yacht, 
� the his and her Learjets ... 

or risk it all and go for the Chivas Regal:' 
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What if you chose HP products to 

For example: PASCAL/1000, a modern computer language that makes 
programs simple to write, easy to debug, and inexpensive to maintain. 

Pascal/1000 is Hewlett-Packard's 
new, high-level, structured pro
gramming language for HP 1000 
computers. By "structured," we 
mean that a Pascal program is 
written in modules in much 
the same way that a building 
is put together with standard 
building blocks. 

Who uses Pascal? Those con
cerned about a program's total 
cost: the time spent designing, 
coding, debugging, and main
taining it. In all these areas, 
Pascal/1000 offers real benefits. 

• In the design phase, Pascal's 
inherently independent modular 
structure promotes efficient, logi-
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cal program design, and maxi
mizes team programming efforts. 

.. In coding a Pascal program, 
data typing and statement con
trol constructs are tools that help 
the programmer express the 
program logic clearly, thus 
avoiding logic errors and de
creasing the testing time. 

• During debugging, Pascal aids 
the programmer with extensive 
error checking. 

• Pascal's control and data struc
turing facilities provide a level of 
readability invaluable for pro
gram maintenance-often an 
area of major software costs. 

The result? Increased program
mer productivity. 

Pascal/1000's compiler is a full 
implementation of standard 
Pascal plus extensions of the 
language such as separate compi
lation, double-word integer and 
double-precision real data types, 
predefined procedures for ran
dom 110, and the ability to link 
PascaL programs to external Pas
cal, FORTRAN, or assembly sub
routines. (And to interface with 
HP graphics, data base manage
ment, and communications 
software.) 

The Pascal/lOOO software package 
price is $4000 * 
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enhance your productivity? 

For example: HP's new digital wand. It reads bar codes and 
transforms them into data a microprocessor can understand. 
Anyone using a keyboard or 
pushbuttons for data entry could 
benefit from using bar codes. Bar 
code scanning is two to four times 
faster than key entry, and because 
it eliminates keying errors and 
contains built-in checksums to 
prevent misreadings, it is more 
accurate as well. 

HP's new HEDS-3000 digital bar 
code wand compounds the advan
tages of bar code data entry with 
its speed, reliability, low cost, and 
ease of use. Contained in its 
5.2-inch (13.3-cm) length is all the 
circuitry needed to scan bar code 
and convert it to microprocessor
compatible digital output. The 
heart of the wand is a precision 
optical sensor. Signal-condition
ing circuitry-an analog ampli
fier, a digitizing circuit, and 
an output transistor-provide 

TIL- and CMOS-compatible 
logic-level output. 

As part of a portable data entry 
system, the wand can be used to 
read shelf tags for inventory con
trol and order entry. Another in
teresting and very practical use for 
the wand is an input device for 
computers and programmable 
calculators. It can read programs 
and data printed in bar code form, 
and load them into the computer 
in a rna tter of seconds. (HP is rnak
ing its own use of this faculty: the 

wand will soon be available as an 
input device for the HP-41C 
fully programmable hand-held 
calculator.) 

. 

Not magic but close to it, the 
HEDS-3000 wand has a unit price 
of $99.50* in quantities up to 99. 

For more information, mail the 
coupon to Hewlett-Packard, 1504 
Page Mill Road, Palo Alto, CA 
94304. Or call the HP regional of
fice nearest you: East (201) 265-
5000, West (213) 970-7500, Mid
west (312) 255-9800, South (404) 
955-1�OO, Canada (416) 678-9430. 

These are only two of many thousand product reasons for choosing HP. 

HEWLETT 
PACKARD 

Mail to: Hewlett-Packard, 1504 Page Mill Road. Palo Alto, CA 94304 
Please send me further information on 

) PascaV1000 programming language 

) HEDS-3000 digital bar code wand 

Name _____________ _ 

Company ____________ _ 

Addr'ess _____________ _ 

City ----__ Slate __ Zip ___ _ 

* Domestic U.S. prices only. 00042 
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SEASONAL VARIATION in the sociability of coyotes may reflect a seasonal fluctuation in 
the availability of different prey items. This chart compares the frequency with which groups 
of different sizes were sighted from Blacktail Butte in Grand Teton National Park in Wyo
ming during the "summer" season (May through October) and the "winter" season (November 
through April). In summer (color), when coyotes sustained themselves by catching rodents, they 
were significantly less social than in winter (light gray), when ungulate carrion was available. 

ranges in the vicinity of Blacktail Butte 
has provided us with ample evidence of 
the ways in which food supply can in
fluence social behavior. (An animal's 
home range is defined as the area it cov
ers routinely in the course of its daily 
activities.) 

For example, in the winter of 197 8-79 
there was a significant difference in the 
quantity of elk carrion found on the two 
home ranges. Completely by chance (no 
attempt was made to control the distri
bution of carrion in the Blacktail Butte 
area) Group A had about 17 percent 
of the available carrion and Group B 
about 83 percent. As might be expected, 
Group A was the smaller one, consisting 
from November, 1978, through April, 
1979, of only a single mated pair. All 
the young of the pair from previous 
years had dispersed. In the same peri
od Group B had four members: a mat
ed pair, an adult male born to them in 
1977 and a male yearling born to them 
in 197 8. (The older nonbreeding male 
helped to raise its siblings born in 1978.) 
The group also included two female 
hangers-on, one that was born to the 
mated pair in 197 8  and another that we 
believe was born to them in 1977; these 
individuals rarely interacted with the 
members of the pack but were allowed 
to remain in their vicinity. From No
vember, 197 8, through the following 
May (and beyond) the four main mem
bers of Group B were highly cohesive: 
eating, sleeping, traveling and defending 
carrion in close association with one an
other. In this period only 6 percent of 
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the sightings of pack members were of 
single individuals and more than 50 per
cent were of all four pack members to
gether. From November through April 
the male and female of Group A were 
observed together 71 percent of the 
time, and on the remaining occasions 
each animal was seen in the vicinity of 
other coyotes, although not in close as
sociation with them. 

It has been observed that when coy
otes other than a mated pair spend a 
winter together, there is an increased 
probability they will also spend the sum
mer together. Our observations of the 
two groups in the area of Blacktail Butte 
indicate that when winter food is in 
good supply, older pups may continue 
to share at least a part of their par
ents' home range, and that if the pups 
remain in association with their parents 
throughout their first winter, there is a 
good chance that as yearlings they will 
remain through the following summer 
and perhaps beyond. It is interesting to 
note that two of the young that left the 
home range of Group A (the mated pair) 
in the fall of 197 8  returned to it (from 
the National Elk Refuge, where they 
had spent the winter) the following 
spring, their return coinciding with the 
seasonal increase in rodents on the pa
rental home range. These yearlings have 
remained solitary, not helping to raise 
their younger siblings, and in general 
they appear to be less closely bonded 
to their parents than the yearlings in 
Group B. which never left the pack. 

During the past winter ( 1979-80) 

there has been another interesting devel
opment in the relation between food 
availability and social organization in 
the coyote groups living in the vicinity 
of Blacktail Butte . In the previous two 
winters heavy snows fell in our study 
area in December, but this year snow 
did not blanket the home ranges of 
Group A (the mated pair) and Group B 
(the pack) until late January. As a result 
rodents were available in greater num
ber and for a longer period than they 
had been in the preceding winters, sup
plementing the usual winter supply of 
elk carrion. In the previous two winters 
all the young from Group A had dis
persed by November, but this year a ju. 
venile born in April, 1979, was still with 
its parents in February. (In Group B 
three juveniles born in April, 1979, still 
remained with the pack in February.) 
Thus it appears that a naturally occur
ring change in the coyotes' food re
sources resulted in a change in their so· 
cial organization, at least over a short 
period of time. The consequences of this 
change will be investigated in the future. 

Social bonding is not the only aspect of 
coyotes' social behavior that is af

fected by variations in the food supply. 
Such variations also have a strong influ
ence on how the animals make use of 
space. For the purposes of this discus
sion it is important to understand the 
distinction between a home range, the 
area an animal or a group of animals 
covers routinely in the course of its daily 
activities, and a territory. A home range 
has a flexible, undefended boundary, so 
that the home ranges of different indi
viduals or groups may overlap consider
ably. A territory, on the other hand, is 
defined as the area that an individual or 
group occupies to the almost complete 
exclusion of other animals of the same 
species and that it will actively defend 
against them. In some geographical ar
eas coyotes clearly defend their territory 
against other animals, but in other areas 
there is no evidence that they are territo· 
rial. Our own findings indicate it is only 
coyotes in packs that are territorial; in· 
dividuals with a fixed home range but 
living alone or in mated pairs are not. 
Consider the two coyote groups we ob
served in the area of Blacktail Butte. 

The four members of Group B main
tained as a group a territory with rigor
ous boundaries between themselves and 
Group A. the mated pair. They also re· 
pelled many other coyotes from the ir 
territory, sometimes chasing an intrude I' 
for as much as two or three kilometers. 
(In April, 1979, we saw the breeding fe
male of the pack chase an intruding coy· 
ote for a kilometer only a few days after 
she had given birth to a litter, and when 
she returned to the den, her mate chased 
the intruder for three more kilometers.) 
On the other hand, the two members of 
Group A were never seen defending a 
part of their home range against any 
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other coyote. These findings, which are 
confirmed by those of other workers, 
indicate that the intensity with which 
an area is defended by individuals or 
groups is related to the presence of a 
large, clumped food resource. 

We also found that a shortage of food 
clearly brings about increased trespass
ing into neighboring home ranges and 

territories, particularly those in which 
desired food items can be found. For 
example, although Group A, the mated 
pair, made frequent forays into the terri
tory defended by Group B, no member 
of Group B was ever observed intruding 
onto the home range of Group A. In 
fact, the members of the pack rarely left 
their own territory, which is not surpris-
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TWO COYOTE GROUPS inhabiting contiguous home ranges in the area around Blacktail 
Butte had access to significantly different amounts of elk carrion in the winter of 1978-79. (A 
home range is defined as the area an individual or a pack travels routinely in the course of its 
daily activities.) The home range of Group A held 17 percent of the available carrion, whereas 
the home range of Group B held 83 percent. As is shown here, the sizes of the groups differed 
accordingly: Group A (color) consisted of only a mated pair, all the young from previous years 
having dispersed; Group B (gray) consisted of a mated pair, a two-year-old male born to them 
in 1977 and a male yearling born to them in 1978. (One of the advantages of pack living may 
be that a breeding female receives help in caring for her young; tbe two-year-old in Group B 
belped to raise its siblings born in 1978.) Pack also included two bangers-on: a female born 
to tbe mated pair in 1978 and a female believed to bave been born to them in 1977. These 
coyotes rarely interacted witb tbeir parents or siblings but were allowed to remain near them. 

Irrigating A 
Vineyard 11- Here in the Sonoma Valley 

' . 1\ ' 
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.
finest dim

.
ates 

, . " for producing premIUm , 
wine grapes. Our long, dry 

coastal summers allow the fruit to develop 
properly at a consistent pace. However, 
these dry summers also necessitate an ef
fective means of irrigation. for grape 
quality depends largely on dosely 
monitoring and carefully maintaining 
proper moisture levels in the soil. 

Traditionally we've used overhead 
sprinklers in our vineyards for they pro
vided, not only irrigation, but frost pro
tection in the spring and a means of cool
ing the vines during excessive summer 
heat. One disadvantage, however, was the 
immense volume of water lost to wind 
and evaporation. Our recent drought gave 
us reason to consider, and finally adopt, 
the more efficient drip 
primary method of" 

is piped down 
each row of vines, in tub· 
ing mounted on rhe trellis 
wires . Inserted into the 
cubing on either side of 
each vine is a "drip emit· 
ter". a pressure reducer 
designed to release water 
one drop at a time, slowly 
and efficiently treating 
only the root area and 
using a fraction of the 
water formerly required. 

Please write for our free �! E!�§� monthly newsletter. 
Sam). Sebas[iani 
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P.O. Box AA Sonoma CA 95476 
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ing considering the wealth of ungulate 
carrion in it. 

The sizes of coyotes' home ranges and 
territories vary markedly, although not 
consistently, with the locale, the season 
and the year and also with the age and 
the sex of the individuals. When we 
measured the home ranges of 10 adults 
in the Blacktail Butte area, we found 
that the average size was 21.1 square 
kilometers, with no discernible differ
ences according to sex. When we classi
fied the home-range sizes according to 
the coyotes' social groupings, howev
er, we found that solitary individuals 
and mated pairs, which are excluded 
from carrion in winter, have a larger 
home range, with an average size of 
30.1 square kilometers. Pack members, 
which defend a food resource in winter 
and tend to remain in their own territo
ry, have an average home range of only 
14.3 square kilometers. The sizes of 
pack members' home ranges also show 
considerably less variation, probably 
because of the clumped distribution of 
ungulate carrion. 

Pack living confers advantages not 
only in the defense of food resour

ces against competitors but also in re-
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prod uctive activities. Coyotes geperal
ly mate in the period from January to 
April, the date varying from one locale 
to another. The female coyote's preg
nancy rate, her productivity and her 
pups' rate of survival are clearly related 
to the general state of her health, which 
in turn is closely linked to the quantity 
and quality of the food available to her 
before and during pregnancy, that is, to 
the winter food supply. Therefore the 
increased ease with which pack mem
bers are often able to locate food items 
may represent an important reproduc
tive advantage. Moreover, when we ex
amined the amounts of time coyotes in
vest in other types of activity in winter 
and summer, we made an interesting 
discovery. 

Coyotes typically are active in the ear
ly morning and early evening, but when 
we compared the time 50 coyotes (35 of 
them marked) devoted to hunting and 
resting, we found that in winter, when 
carrion is available but the food supply 
is usually low, much less time is spent 
hunting and considerably more is spent 
resting than is the case in summer, when 
small rodents are readily available but 
must be found, caught and killed. The 
higher ratio of resting time to hunting 

AUGUST -NOVEMBER 

FALL 

DECEMBER -MARCH 

WINTER 

APRIL-JULY 

SPRING/SUMMER 

RELATIVE AMOUNTS OF TIME that coyotes in the area of Blacktail Butte devoted to the 
activities of hunting (color), traveling (light gray) and resting (dark gray) in different seasons 
are shown. In winter, when the coyotes depended mainly on elk carrion, the animals hunted 
less and rested more than they did at other times of the year. Coyotes generally mate in the 
winter months, and their relative inactivity in this season may he beneficial for the breeding fe
males. A comparison of the winter activities of traveling and resting for mated pairs living in 
packs and those living alone reveals additional energy savings for the former (see illustration on 
page 140). Percentages are based on 668 coyote-hours of observation (one coyote-hour is de
fined as observation of one coyote for one hour) from September, 1977, through August, 1979. 
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time may be generally beneficial for 
pregnant females, which must conserve 
energy for the nutritional demands 
placed on them during the nine-week 
gestation period and afterward. (There 
are six pups in an average coyote litter, 
and they are altricial, or dependent, at 
birth, requiring feeding and protection 
for the first few months of their life.) If 
females living in packs are able to spend 
more time resting than females living 
alone with their mate, then the pack-liv
ing females might reproduce more suc
cessfully. Moreover, as we have men
tioned, females living in packs are more 
likely to receive help in raising their off
spring. 

Our findings about the pack-living ad
aptation of coyotes are supported by 
data gathered for golden jackals and hy
enas, and we have been able to draw 
some general conclusions that should be 
tested with other species of carnivores. 
We have found that in situations where 
there are "haves" and "have-nots" with 
respect to the winter food supply (that 
is, individuals living in an area where a 
food resource is large and clumped as 
opposed to individuals living in one 
where the resource is scarce) the haves 
(I) are more social and cohesive than the 
have-nots, (2) are territorial and will de
fend the food resources, (3) have a more 
compressed home range, (4) are subject 
to higher rates of intrusion by members 
of the same species on the areas where 
the food is clumped and (5) in winter are 
able to travel less and so rest more. And 
the advantages of pack living can in
clude any of the following: (I) food can 
be more successfully defended, particu
larly in winter; (2) food items can be 
more readily located; (3) individuals, 
particularly sexually mature females, 
can conserve energy needed for repro
duction and care of the young, and (4) 
help, in the form of feeding and protec
tion, can be provided for the young by 
individ uals other than parents (most 
likely older siblings). Whether or not 
pack living confers an advantage in the 
acquisition of large prey remains an 
open question. 

so far we have mainly discussed the 
pack-living adaptation to defenda

ble food resources, but solitary living is 
also an adaptation to a particular food 
resource. For the coyotes we observed 
from Blacktail Butte the resource is ro
dents: prey items that coyotes cannot de
fend against other coyotes and that are 
difficult to share except with pups. Our 
studies have shown that even coyotes 
living in cohesive groups become tem
porarily solitary when they are hunting 
rodents. Hence just as it is important to 
study the various patterns of behavior 
associated with the group defense of ter
ritory and food, so it is important to 
study the various patterns of behavior 
associated with solitary predation. Not 
much is known about how wild coyotes 

"Creative -provocative
stimulating -constructive
timely" 

These are only some of the comments made by 
scientists all oyer the world to welcome the first 
journal publishing 

SPECULATIONS 
INSCENCE 
AND 

TECHNOl OGY 
An International Journal devoted to Speculatiye 
Papers In the Physical, Mathematical, Biological, 
Medical and E�ineering Sciences 

Editor 
William M. Honig 
Perth fAustralia) 

...........•..•...•...•......................................... 

Please enter my subscription to SPECULATIONS IN SCIENCE AND TECHNOLOGY, 
volume 3 (5 issues), 1980 
o Personal subscription: US$ 38.50 0 Institutional subscription: US$ 83.75 

o Payment enclosed 0 Pleasa invoice 

o Please charge to my credit card no. ______ Expiration date ____ _ 

o Visa 0 American Express 0 Access/Mastercharge/Eurocard 

Name: _____________________________ __ 

Institute/Company: ________________________ __ 

Address: ____________________________ _ 

ELSEVIER SEQUOIA S.A. 
P.O. Box 851, CH-1001 Lausanne, Switzerland 

139 

© 1980 SCIENTIFIC AMERICAN, INC



CASID'S 
LCD ALARM 

CHRONOGRAPH 
Casio Quality and Features 
Rival the Most Expensive 

. Watches But Not the Cost! 
TREMENDOUS VALUE 
only $3995 

'NG •• ACTUAL SIZE 

Continuous 
Uquid Crystal 

Display 
IT CAli COST MORE, BUT IT CAII'T DO MORE! 
What would you think of a watch with stainless steel 
construction, minerai glass lens, impervious to 
scratches, 100% quartz reliability, ±15 seconds per month 
accuracy, water resistant, shock resistant, and has the 
other fantastic features listed below! The Casio Alarm 
Chronograph, 8305, is this watch, and at $39.95 it is a 
fantastic buy. 

• Display hours, minutes, seconds, AM/PM. Also a light 
for night viewing. 

• Clle .... r Foctlolll include date and day. 

• Alii'll: Can be set to any time within a 24-hour period. 
At the designated time, a pleasant, but effective buzzer 
sounds to remind or awaken y ou. 

• StO"ltc� function: On command stopwatch dis
play freezes to show intermediate (split) times while 
stopwatch continues to run. Can also switch to and 
from timekeeping and stopwatch modes without affect
ing either operation. 

• Electronic stopwatch times in minutes, seconds, and 
tenths of seconds up to 12 hours. Separate 'time our 
feature permits stopping and restarting of timer. 

• Long Life Lithium Battery, included, gives up to three 
YI.rl of continuous use before replacement is 
necessary. 

• One year manufacturer's warranty. 

Why Shop By Mail? 
Shopping by mail is convenlenl. easy. and fun. We ship all 

orders promptly to your home or office. You can charge ydur 
order to any major credit card. Most of our products are 
not avallabte at your local store. And if that isn't enough. 
you have a 30 day no risk money ba.ck guarantee: 

"Try any one 01 our products for 30 lull days and il you are 
not happy wffh the performance, features, Of for .ny 
rsason wish to return a product, we will refund your full 
purchase price!" 

CREDIT CARD BUYERS: TO ORDER CAll TOll fREE . 
24HDURS A DAY 

To order In Callfornta call toll free (100) U2-n51 

1"-(800) 854-3831 
DWS mlllleltng tntemlUonll, Dept. 1t5, 35D-A Fllchel Av· 
enue, Colli Me .. , Cllllom1192626 (714, 540.4444 
Call our toll-fn;!e num�r for Quickest service or send your check, Money 
Order, or credit card 1010 to us. Please allow ample time for checks 10 
clear. We accept Am. Ex., Carte Blanche. Diner's Club and all major credit 
cards. Add S2.5O lor insured postage & handling lor tirs! product & St.oo 
lor each additional product. Calil. addresses add 6% sales tax. 
©OWS marketing international t9BO 

140 

locate and capture prey, but we have 
done several experiments to throw some 
light on this type of behavior. 

To begin with, the process by which 
any predator locates prey is complex, 
and different species of carnivores go 
about the task quite differently. Visual, 
auditory and olfactory stimuli are all 
clearly important and in nature proba
bly interact to elicit the predator's re
sponse to the prey. It is interesting, how
ever, to try to determine the relative im
portance of these three types of stimuli 
for coyotes and to try to relate such find
ings to the natural history of the species. 
The experiments required for the pur
pose are best done with captive coyotes, 
under conditions in which external stim
uli can be rigorously controlled.  

In the first set  of experiments, con
ducted at Colorado State University in 
collaboration with Philip N, Lehner, 
coyotes were placed in a small room 
30 meters square with a hidden rabbit. 
The time individual coyotes needed to 
find the rabbit with all possible com
binations of the three types of stimuli 
was measured. Visual stimuli were sup
pressed by eliminating all light from the 
room (in which case the coyotes were 
tracked by means of infrared motion
picture photography), auditory stimuli 
by using a dead rabbit as prey and olfac-
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tory stimuli by either blowing a masking 
odor into the room (the odors fr'om a 
rabbit colony) or by irrigating the coy
ote's nasal mucous membranes with a 
zinc sulfate solution. 

The results of the experiments 
showed that when visual cues were pres
ent, the absence of auditory or olfactory 
ones led to only minor changes in the 
duration of the coyote's search for its 
prey. For example, with all three stimuli 
available the average search time was 
4.4 seconds; with nothing but visual cues 
available the figure rose only to 5.6 sec
onds. With visual cues removed and 
only olfactory and auditory ones pres
ent, the average search time rose to 
about 36.1 seconds, or eight times the 
duration with all three types of stimuli. 
When auditory cues alone were present, 
the search time decreased slightly, to an 
average of 28.8 seconds; when olfactory 
cues alone were present, it went up to 
8 1. 1  seconds. With all three types of 
stimuli suppressed, it took the coyotes 
an average of 154.8 seconds, ·or more 
than 2.5 minutes, to find the prey by 
means of touch. 

Thus under these experimental condi
tions the senses that facilitate the lo
cation of prey for the coyote are, in 
decreasing order of their importance, 
sight, hearing and smell. The fact that 

MALE FEMALE 
L-MATED PAIR ALONE ----' 

MATED FEMALE IN A PACK spends significantly more time resting (dark gray) and sig. 
nificantly less time traveling (light gray) in winter than a female living alone with her mate, 
as is shown by this chart comparing these two activities for the breeding male and female in 
Group A (the mated pair) and-Group B (the pack) in the vicinity of Blacktail Butte (see illustra· 
tioll 011 page 137). Females living in packs have not been observed to reproduce more suc· 
cessfully than other females, but it appears that if food became a limiting factor, then the 
pack.living females' substantial net energy savings might give them a reproductive advantage. 
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vision is of primary importance is con
firmed by the results of another series 
of experiments in which coyotes were 
presented simultaneously with a hidden 
rabbit making sounds (breathing, rus
tling and so on) and a visible rabbit 
making no sound. The visible rabbits 
were without exception captured first. 
The coyote probably evolved on open 
plains covered with low-growing gras
ses, where prey would be highly visible, 
and its heavy reliance on vision is pre
sumably the result of adaptation to this 
habitat. 

I n order to replicate the coyote's natu
ral hunting environment more close

ly a similar set of experiments was run 
outdoors in a large fenced-in area (6,400 
square meters) at the Maxwell Ranch, 
owned by Colorado State University. 
With the larger search area and the larg
er number of distracting factors out
doors the average search times were all 
higher, but once again vision proved to 
be the most important sense in locating 
prey. Here, however, smell proved to be 
more important than hearing: the coy
otes could find the rabbits faster with 
visual and olfactory cues present (when 
they needed an average of 34. 5 seconds) 
than with visual and auditory cues pres
ent (when they needed an average of 
43. 7 seconds). Similarly, with only 01-
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factory stimuli present the coyotes took 
an average of 72.7 seconds to locate the 
prey, and with only auditory stimuli the 
average search time rose to 208. 8 sec
onds. When all three types of stimuli 
were present, the average search time 
was 30.1 seconds; when all three were 
suppressed, the average rose to about 
22.2 minutes. 

The differences between the results of 
the indoor experiments and those of the 
outdoor ones can be explained by taking 
into account the effects of the wind. Air
borne olfactory stimuli are clearly im
portant directional cues to a hunting 
coyote, as is indicated by the fact that 
outdoors, where smell was more impor
tant than hearing, 83.9  percent (47 out 
of 56) of the approaches to the rabbit 
were made from the downwind side. 
Similarly, at our study site in Grand Te
ton National Park we found that 74.9 
percent of all the approaches we ob
served to mice by wild coyotes were 
from the downwind side. In addition, in 
the outdoor experiments where only ol
factory cues were available to the coy
otes, a significant correlation was ob
served between wind velocity and ap
proach distance, or the distance at which 
a hunting coyote becomes aware of 
the location of its prey. More precise
ly, as the wind velocity increased the 
approach distance increased as well, so 
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that when the wind was 10 kilometers 
per hour, the approach distance was 
about two meters, whereas when the 
wind rose to 40 kilometers per hour, the 
approach distance increased to about 
five meters. 

Hence although the coyote seems to 
depend most heavily on vision when it is 
hunting, it appears to have effective 
backup systems that can be relied on 
when certain types of sensory cues are 
absent or inadequate. When prey are 
visible, pursuit based on visual cues is 
most likely to start before olfactory or 
auditory cues can come into play, but 
when the prey is well hidden, the coyote 
probably relies on some combination of 
olfactory and auditory cues. (The ex
act comoination probably depends on 
the wind conditions and the amount 
of noise made by the prey.) Coyotes 
are highly efficient predators and can 
clearly switch back and forth between 
these various huqting modes in order 
to take maximum advantage of what
ever the environmental conditions are 
at the time. 

How does the coyote actually kill the 
prey it locates? Information on the 

subject may be useful not only to biolo
gists interested in the comparative and 
evolutionary aspects of predatory be
havior but also to those concerned with 

22. 2 MINUT ES 

VISION ABSENT 

EXPERIMENTAL SETUP for determining the relative importance 
of the senses of vision, smell and hearing for coyotes in locating prey 
is shown at the left. In each trial a rabbit is placed at random at any 
one of 24 possible locations in a large outdoor enclosure (6,400 square 
meters); a coyote is admitted to the enclosure, and the time required 
for it to find the rabbit is recorded. The procedure was repeated for 
five coyotes with all possible combinations of the three types of senso
ry stimuli present. Visual cues were eliminated by testing coyotes on a 

dark night (and observing them with a "starlight scope," which inten
sifies available light); auditory cues were' eliminated by using a dead 
rabbit as prey, and olfactory cues were eliminated by irrigating coy
otes' nasal mucous membranes with zinc sulfate solution. Average 
time required to locate prey under each condition is shown at right. 
Results of trials with visual cues present (color) have been separated 
from those with visual cues suppressed, showing that in locating prey 
coyotes' most important sense is vision. Hearing is least important. 
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Two new T V -cameras-on- a-chip w i l l  s e r v e  as eye s  f o r  m a c h i n e s  i n  a wea l th o f  
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the control and management of preda
tors. Here it will be most convenient to 
distinguish between prey animals that 
are smaller than the coyote and those 
that are larger. (Coyotes do occasionally 
prey on large live animals, although as 
our observations of the coyotes in the 
area of Blacktail Butte indicate, this 
form of predation is rare_) 

To begin with, we have observed sev
en distinct activities that can be included 
in the predatory behavior of a coyote 
when its prey is a small animal such as a 
rodent. In sequence they are long-dis
tance searching (in which the coyote tra
verses large areas and scans the ground 
cover for a sign of prey), close search
ing (in which the coyote pokes around 
in the ground cover), orientation (in 
which the coyote assumes an alert pos
ture, perhaps sniffing or pricking its 
ears to determine the exact location of 
detected prey), stalking (in which the 
coyote slowly and stealthily approaches 
its prey), pouncing (in which the coyote 
first rears up on its hind legs and then 
falls forward on its front legs to pin the 
prey to the ground), rushing (in which 
the coyote makes a rapid dash toward 
the prey) and finally killing. A coyote 
generally kills a rodent by biting it in the 
area of the head, and in many cases the 
coyote will also shake the prey vigorous
ly from side to side. 

It is important to understand that not 
all these activities are always included in 
a single predatory sequence. For exam
ple, we found that if the prey is a smaller 
rodent such as a field mouse, a coyote 
does not usually rush the rodent but sim
ply stalks it and then pounces on it, pin
ning it to the ground so that a killing bite 
can be delivered. When the prey is a 
larger rodent such as a Uinta ground 
squirrel or a Richardson's ground squir
rel, however, the coyotes we observed 
rushed it in more than 90 percent of the 
cases and pounced only rarely. 

The success of the coyote's predatory 
sequences in catching and killing ro
dents varies considerably. Our data indi
cate that coyotes are successful between 
10 and 50 percent of the time_ We have 
not yet identified all the variables that 
influence the rate of success, but ground 
squirrels seem to be easier to catch than 
mice_ The hunger level of a coyote may 
also be important. Observations in cap
tivity reveal that satiated coyotes often 
play with a rodent before killing and eat- · 
ing it, and frequently the rodent escapes. 
Similar observations have been made in 
the field_ 

We also wondered whether the preda
tory skills of coyotes improve with age, 
and so we compared the time that nine 
young coyotes from three to six months 
old and 15 adults spent in the activi
ties of searching, orienting and stalking 
when they were hunting mice or ground 
squirrels. The adults, it turned out, spent 
less time searching and orienting, and in 
addition the tim�s adults devoted to 

these activities were much less variable 
than those of the pups. There was no 
difference in the time spent stalking, 
however, an activity to which coyotes in 
both age groups devoted an average of 
about 5.5 seconds_ Therefore it would 
appear that the pups are less effective 
than the adults in locating their prey, but 
once the prey has been located coyotes 
in either age group will stalk briefly and 
then go in for the kill. Studies of coyotes 
in captivity also reveal that pups only 30 
days old are capable of carrying out 
a successful predatory sequence on a 
mouse_ In other words, although coy
otes of that age rarely have an opportu
nity to kill a small rodent in the wild, 
they clearly have the ability. 

Turning to the subject of how coyotes 
kill large wild prey, such as sheep, deer, 
elk and moose, there are for a number of 
reasons few observations from which 
useful generalizations can be drawn. To 
begin with, coyote kills are often indis
tinguishable from those of other wild 
predators or even domestic dogs. More
over, it has been noted that most healthy 
ungulates living in the same locale as 
coyotes are able to defend themselves 
against a single coyote, so that instances 
of such predation are rare and hence dif
ficult to observe. The few data that do 
exist indicate that two or more coyotes 
are usually required to take down, say, a 
healthy adult deer_ In most cases coy
otes appear to kill either young ungu
lates or weak ones, typically by attack
ing the head, neck, belly and rump. It 
is generally believed coyotes do not 
have any significant detrimental effect 
on wild ungulate populations. 

The effects of coyote predation on 
domestic sheep are less clear-cut, 

which brings us to a more controversial 
aspect of coyote biology, namely the 
management and control of coyotes. 
Coyotes are said to have a significant 
detrimental effect on the sheep industry, 
and as a result for a century coyotes 
have been a particular target of preda
tor-control programs_ At present large 
amounts of time, energy and money (in 
many cases from public funds) are being 
devoted to such efforts_ The returns on 
the investment are small, in terms both 
of reducing coyote populations and of 
preventing livestock losses and damage_ 
The failure of the control and manage
ment programs is due essentially to the 
lack of sufficient background informa
tion on the behavioral and population 
dynamics of coyotes. 

Indeed, very little is known about the 
predatory habits of wild coyotes with 
regard to domestic sheep_ Guy Connolly 
and his colleagues at the United States 
Fish and Wildlife Service have found 
that even when coyotes are confined 
with sheep, their predatory behavior is 
surprisingly inefficient. In these experi
ments coyotes killed sheep in only 20 
out of 38 encounters. Moreover, both 
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Physician� did you miss any of these 
significant developments in medical science? 

• Adjuvant chemotherapy for breast 

cancer utilizing CMF enhances survival 

among premenopausal women with axil

lary lymph node involvement_ 

• Posttransfusion hepatitis is usually 
caused by "non-A, non-B" viruses_ 

• Lidocaine fails to control ventricular 

arrhythmias in as many as 20 percent of 

acute M.1. patients. Procainamide, given 

by a bolus and continuous infusion 

method, is effective in most of these cases. 

• Cerebral embolism, producing both 

transient ischemic attacks and perma

nent strokes, is a complication of mitral 

valve prolapse. 

• Cefoxitin is effective for disseminated 

gonococcal disease caused by penicillin

ase-producing organisms. 

• Adenine arabinoside has been li

censed for treatment of herpes simplex 

encephali�is. 

IF THESE ITEMS are familiar you must 
be a prodigiously energetic or pro
digiously lucky reader. With 2,000 

or more journals published each year, in· 
formation that significantly affects pa-

Branches of the right and left coronary ar
teries supply blood to the AV node and in
traventricular conduction system. 

SCIENTIFIC AMERICAN Medicine is lucidly il
lustrated with drawings and photographs. 
Some examples are seen here and on the 
facing page. 

tient managemen t  all too easily slips by. 
Textbooks are out-of-date before they are 
published. 

SCIENTIFIC AMERICAN Medicine is  the 
busy clinician's answer to this problem. 

Because its authors update SCIENTIFIC 
AMERICAN Medicine every month, i t  is 
always current. Because the new infor
mation appears in  a single source, i t  is 
there when you need it .  

This  2,000-page, innovative union of  
publishing and electronic technology is 
the work of leading scholar-practitioners 
from Harvard and Stanford. The editors 
are Edward Rubenstein, M.D. ,  F.A.C.P. ,  
and Daniel  Federman, M . D . ,  F .A.C.P.  

Each month as authors update their 
contributions, revisions are entered on 
the magnetic tape on which the text and 
index are stored. The tape drives high
speed phototypesetting equipment so that 
subscribers receive about eight new chap
ters and a new index every four weeks; a 
bulletin highlights new developments. 

N ew material replaces old material in 
the living text,  so that the information 
is there-up-to-date, at your fingertips. 

A CME program of eight patient man
agemen t  problems offered over a 1 2-
month period is available at no extra 
cost. As an organization accredited for 
continuing medical education, the Stan
ford U n iversity School of Medicine des
ignates this continuing medical educa
tion activity as meeting the criteria for 
32 credit hours in  Category I for Educa
tional Materials for the Physician's Rec
ognition Award of the American Med
ical Association, provided it  has been 
completed according to instructions. 
This program is approved by the Ameri
can Academy of Family Physicians for 32 
Elective Hours of CME credit.  

Trial Offer 

We invite you to try SCIENTIFIC AMERICAN 
Medicine-for two months at  no cost. 
Send us the coupon and you will receive 
the two-volume text and two monthly 
up dates. You may also take a CME test 
for credit .  At  the end of 60 days, if  you 
decide to continue the subscription, we 
will bill you for $ 1 85 for the full 1 2  
months (renewal i s  $ 1 60) ; otherwise just 
return the volumes to us. 

Please mail the coupon today and let 
us take the hassle out of keeping up. 

Histopathologic changes in psoriasis. 

Extensive psoriasis (top) cleared completely 
(bottom) after four weeks of treatment with 
anthralin. 
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the average time that elapsed before the 
coyotes attacked the sheep (47 minutes) 
and the average time that elapsed before 
the sheep were killed ( 13 minutes) were 
quite long, totaling an hour. The defen
sive behavior of the sheep deterred the 
coyotes in only 3 1.6 percent of the cases, 
and so it is understandable that the coy
otes would take their time before kill
ing the sheep, Of course, there are no 
instances of such inefficient predation 
in natural predator-prey interactions, 
where the prey either flees or actively 
fights off the predator as long as it can, 
It is clear, however, that sheep, which 
have been subjected to artificial selec
tion by the great domesticator Homo 
sapiens, have been left virtually defense
less against predation. 

Coyotes do kill sheep, then, as well as 
other livestock and poultry. Many stud
ies have shown, however, that factors 
other than coyote predation can cause 
considerably heavier losses. For exam
ple, it was reported in a recent study that 
in the early 1970's the value of the losses 
of ewes and lambs in the state of Idaho 
amounted to $2,343,438. Of this total 36 
percent could be attributed to disease, 
30 percent to unspecified causes and 34 
percent to predation; only 14.3 percent 
of the losses could be attributed to pre
dation by coyotes. Moreover, there are 
data to indicate that not all coyotes are 
sheep killers and that the indiscriminate 
killing of coyotes in areas where sheep 
are being killed is an ineffective method 
of control. A recent study of livestock 
predation in 15 Western states issued by 
the Animal Damage Control Program 
of the Department of the Interior con
cluded that the relation between such 
predation and the population dynamics 
of coyotes is obscure, 

In a sense the coyote is victimized by 
success: it is threatened because it takes 
advantage of livestock that have been 
robbed of most of their defenses by 
shortsighted practices of domestication. 
It is to be hoped that in the future defen
sive behavior will be bred back into live
stock, For the present one can only as
sume that the failure of predation con
trol is due to a lack of basic knowledge 
about predatory species, a problem that 
can be remedied by further studies of 
behavior and ecology of the kind we 
have described here. 

We have found the coyote to be a 
particularly good subject for such 

investigations, Further field study will 
be needed to determine to what extent 
our findings can be applied to other coy
ote populations, to closely related spe
cies and to carnivores in general. In the 
meantime coyotes should be appreci
ated as animals that have adapted re
markably well to the pressures exerted 
by their environment, including harass
ment by man and the severe restriction 
of their natural habitats. 
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Hold On To Your Hat! 
while you consider these notable books for your science library 
(and this splendid spring offer) from WILL IAM KA UFMANN, INC. 

The Universal Traveler 
A Soft-Systems Guide to 
Creativity, Problem-Solving 
and the Process of 
Reaching Goals 
DON KOBERG and JIM BAGNALL. 128 pp., illus. 
Over 150,000 copies in print. "This is probably the 
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kinds of thinking. Its digestible·pieces fOTm4� foil oJ 
big graphics, lists, wide· ranging conten� could be ap· 
plied to persons needing to do work in groups, to do 
group think, reach goals, get work done or solve pro· 
blems; as wel4 it can be used . . .  to size up the journey 
of life . . .  " -The Rainbook: Resources Jor Ap
propriate Technology. 
$5.95 paperback A 

Splendid Spring Offer! 
Free with every purchase of $ 15.00 or more: A 
copy of The Universal Traveler, our "soft-system," 
bestseller. Limited time only: Offer expires 8/31/80. 

Chicken Soup 
& other medical matters 
S .  HARRIS. Foreword by WILLARD ESPY. 
10" x 7", 108 pp., illus. 
Like chicken soup itself, Sid Harris's new book is a 
sure cure for whatever ails you. Chicken Soup is his 
first book since What's So Funny about Science? (a 
best-selling book and a selection of the Library of 
Science Book Club), newly assembled from Playbo-v, 
Saturday Review, The Wall Street ]ouma4 T1Je 
Washington Star, The Chicago Tribune and many 
other newspapers -and periodicals to which he con
tributes regularly. 
$7.95 hardcover B; $3.95 paperback C 

Draw! 
A Visual Approach to 
Learning, Thinking and 
Communicating 
KURT HANKS and LARRY BELLISTON. 10" x 9", 
242 pp., illus. 
Over 900 drawings cartoons, sketches and 
"hotographs, and bnef. easy-to-grasp discussions of 
the essential tools, methods and techniques of 
modern drawing and design. "A veritable symposium 
on the visual midia . . .  Hanks and Belliston are really 
showing us how to tum on an unused channel at 
thinking; how can you refuse such an offer? ' 
-Human Behavior Magazine. 
$ 19.75 hardcover D; $9.75 paperback E 

The Earth and Its 
Inhabitants 
Selected Readings from 
American Scienttst 
BRlAN J. S KINNER, Editor. 
A new series of books of readings for students and 
lay readers interested in The Earth and Its In· 
habitants. The books will be published in uniform 
8Y2 "  x 1 1 "  trim size, and will consist of articles 
from American Scien�ist magazine, selected and 
organized under the general editorship of Brian J. 
Skinner, Eugene Higgins Professor of Geology and 
Geophysics, Yale University. 

Tne books in the series will be published during 
the spring and summer of 1980, in time for use in 
courses starting in the fall. Each raperbound book 
in the series will contain the ful text and illustra
tions from A merican Scientist and will be uniformly 
priced at $5.95. Included in the series are the follow
mg titles: 
The Solar System and Its Strange Objects F 
Earth's History, Structure and Dating Methods G 
The Atmosphere, the Ocean and Climate H 
Earth's Energy and Mineral Resources I 
Animals, Plants and Their Environments J 
Paleontology and Paleoenvironments K 
Evolution of Man and His Communities L 
Use and Misuse of the Earth's Surface M 
When ordering, please specify titles you would like to 
receive. Individual titles will be shipped as they are 
completed during 1980. 

Instructors: Examination copies of this book are 
available from the publisher on request. 
$5.95 paperback, per title 

What's So Funny 
about Science? 
Cartoons from 
American Scientist 
SIDNEY H ARRIS. 120 pp. 
A collection of over 100 cartoons on a remarkable 
range of scientific and technical subjects, bringing 
out what is human and humorous in sophisticated 
scientific inquiry. S. Harris's inimitable cartoons 
have appearea in Time, The New Yorker, Playboy and 
many other publications. HFor years we were aware 
that Albert Einstein and Werner Von Braun weren't 
tickling our funnybones. Now we know what's so fun
nl. about science. It's Sidney Harris. " -Bob and Ray. 
<:America's premier science cartoonist. " -Science 80. 
$7.95 hardcover N; $3.95 paperback 0 

"I think, therefore 
I am paid" T-Shirts 
s. H ARRIS T-Shirts adapted from his classic What's 
So Funny about Science? cartoon. Woman's shirt �rench cut) features a female thinker; man's shirt 
Regular cut), a male thinker. Please specify size (5, 

, L, XL) and style (man or woman) witli order. 
$6.95 per T-Shirt P 

Professor E. McSquared's 
Calculus Primer ��

s
W ARD  SWANN and JOHN JOHNSON. 214 pp., 

Through brilliant use of cartoons and ingenious 
analogy, the Professor and his friends introduce 
calculus with unbelievable energy, humor and clari
ty. Ideal for self-study. '7ncredible . . .  throughout the 
authors have lavishly spread their humor, poking fun 
at the 'gobbledygook' and mystique of mathematics 
whilst putting across the ideas oJ analysis . . .  Highly 
recommended. U -London Times Educational Sup
plement. "Perhaps the most original primer on 
calculus yet devised. " -New York Public Library. 
$7.95 paperback Q 

The Flight of Peter Fromm 
A Novel 

MARTIN GARDNER. 272 pp. 
The first l>aperback edition of Gardner's "brilliantly 
illuminating metaphysical novel" (The New York 
Times), set In and around the University of Chicago 
in the years before and after World War II. "The best 
book about evangelical Christianity I've ever read. 
[After reading a library copy,] I loved it so much that I 
ordered my own copy from the publisher, for I knew 
that in the years ahead I would want to read it many, 
many times. A book to savour and enjoy, The Flight 
of Peter Fromm is surely the most unden-ated novel of 
the last ten years. " -Hamilton Gregory, Instruc
tor of English, Asheville-Buncombe Technical 
Collelle and Former Correspondent, The 
ASSOCiated Press. 
$8.95 hardcover R; $4.95 paperback S r - - - - - - - - - - -
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Today's Bunker Ramo 
operates more aircraft in a 
day than the average pilot 
will fly in a lifetime. 

Among other things, a commercial 
airplane is a marvel of electrical, 
electronic and hydrau l ic 
components. Al l  of which have to be 
connected to make that a irplane 
operable. 

That's why connectors become so 
critical .  And when you consider that 
every commercial aircraft requi res 
about 1 500, you can easily 
understand why connectors are big 
business for Bu nker Ramo. 

Probably no connectors are better 
known than those marketed by 
Bu n ker Ramo under the Amphenol 
name. Ranging from low-cost simple 
designs to the highest-technology 
sophisticated envi ronmental 
products for space and defense, 
Amphenol® connectors are also 
serving the needs of international 
customers in  business equi pment, 

instrumentation, federal technology, 
rad io frequency communications and 
telephony. 

To sustain and strengthen 
Amphenol leadership,  Bunker Ramo 
invests heavi ly in new product 
development and in technologically 
advanced production equi pment. 

Today, through our wel l-known 

Amphenol connectors, Bunker 
R amo has a leading position 
in  the aerospace and aircraft 
industries, a strong foothold in 
telecommunications, and a growing 
role i n  f iber optics . In addition, we are 
a major producer of the data 
terminals and minicom puters that, 
together, comprise the i nformation 
systems widely used by commercial 
banks, thrift institutions, insurance 
com panies and brokerage houses. 

Most important, we are a company 
with a reservoir of high technology, a 
sol id base of innovative products, 
and a strong management team . All 
of which is why today's Bunker Ramo 
is a company that's on the move. For 
our latest financial reports, write 
Bunker Ramo Corporation,  Dept. FR,  
900 Commerce Drive, Oak Brook, 
I l l inois 60521 . 

BUNKER 
RAMO 
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The Transport of Substances 
in Nerve Cells 

Large molecules formed in the cell body move great distances 
through the axon to the nerve endings. Other substances are 
returned through the axon to be disposed of or reconstituted 

Glen proposed in the secorrd centu
ry that the brain governs move
ment and sensation by secret

ing a psychic "pneuma" that travels 
through imperceptible channels within 
nerves. As late as the 18th century the 
brain was considered a glandular organ; 
nerves were thought to be ducts carrying 
fluid secreted by the brain and spinal 
marrow to the periphery. Galen and his 
followers were wrong, of course, in at
tributing ne ural activity itself to the flow 
of material through nerves. Movement, 
sensation and other neural functions 
are the consequences of interactions be
tween nerve cells triggered by electrical 
signals, which are propagated not within 
axons, or nerve fibers, but rather along 
their outer membrane. Yet there was 
truth in the notion that something im
portant actually flows through channels 
in nerves. Substances that originate in 
the body of a nerve cell are indeed dis
tributed along the axon and delivered to 
the axon's terminals by passage through 
the lumen, or bore, of a fiber, and these 
substances play a vital role in neural ac
tivity. 

A neuron, or nerve cell, consists es
sentially of a cell body with processes: 
many dendrites and usually one long 
axon with branches that end in synap
tic terminals. The arrival of an electri
cal impulse at a terminal releases neu
rotransmitter molecules stored in nu
merous small vesicles in the terminal; 
the transmitter diffuses across a narrow 
cleft to affect receptors in the dendrites 
or cell body of another neuron and thus 
generate or inhibit an electrical signal in 
that neuron. The generation and con
duction of electrical impulses and the 
synthesis and release of neurotransmit
ters are local processes that do not de
pend directly on the cell body. 

The cell body is critical, however, for 
the synthesis of many materials that sus
tain the life of the cell and carry out its 
functions, including the membranes that 
form the axolemma (the outer mem-
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brane of the axon), the synaptic termi
nals and the synaptic vesicles. Complex 
transport systems have evolved to car
ry those materials from the cell body 
throughout the length of the axon to the 
terminals and to return materials from 
the terminals to the cell body for reproc
essing. There are two kinds of intracellu
lar transport. The slower kind is called 
axoplasmic flow and the faster is called 
axonal transport. Axoplasmic flow con
veys materials only from the cell body 
toward the nerve-fiber terminals; axo
nal transport goes in both directions. The 
two processes differ in many other ways, 
including their fundamental mechanism 
and the kinds of materials they convey. 

Slow transport was discovered first. 
The questions that led to its discov

ery were chiefly developmental ones, 
having to do with how the neuron at
tains its special form. At the beginning 
of their development nerve cells are es
sentially spheroidal and lack processes, 
but their shape changes rapidly as the 
neuron puts out its axon and dendrites. 
By the time the cells are mature the ax
ons and their terminals typically contain 
from hundreds to many thousands of 
times more material by volume than the 
cell bodies do. It is difficult to give a 
particular value applicable to neurons 
in general because their morphology 
varies so greatly, possibly more than 
that of any other cell type in the body. 
Some neurons have fairly short axons, 
extending for only several cell-body di
ameters, and some have no axons at 
all, but these are unusual. At the other 
extreme, and not at all unusual, are 
neurons with very long axon processes 
extending for many thousands of cell
body diameters. For example, an axon 
in the phrenic nerve of a giraffe extends 
from its cell body in the brain stem near 
the base of the skull to terminals that 
synapse on muscles of the diaphragm 
some five or six feet below. The axon 
of a motor neuron in the spinal cord that 

innervates a toe muscle of a six-foot 
man has a length of about 5,000 cell
body diameters. (If the cell body of the 
motor neuron were the size of a foot
ball, its axon would extend the length of 
15 football fields.) Developmental stud
ies have made it clear that during the 
outgrowth of the axon cytoplasm must 
move out from the cell body. 

Similarly, when an axon in an adult 
animal is severed, it can grow back un
der proper conditions, with new axo
plasm (as the cytoplasm that fills the 
axon is called) seeming to push its way 
slowly out along the regenerating fiber, 
ultimately to renew its connection with 
the end organ. In experiments on regen
erating rabbit nerves done in the early 
1940's the British biologists J. Z. Young 
and P. B. Medawar (motivated in part 
by the medical importance of peripher
al-nerve injuries in World War II) mea
sured the rate of growth of the regener
ating fibers at three or four millimeters 
per day. From these experiments and 
similar ones done by other investigators 
it was generally inferred that axoplasm 
moves, and that its source must be the 
cell body. 

It was Paul A. Weiss and his co-work
ers at the University of Chicago who 
in 1948 first proved experimentally that 
substances originating in the neuronal 
cell body do move at a steady rate from 
the cell body out along the axon. Weiss's 
proced ure was to constrict surgically 
branches of the sciatic nerve in rats, 
chickens and monkeys. Immediately af
ter the operation microscopic examina
tion of individual fibers showed no dis
tortion of the axon just proximal to the 
constriction (between it and the cell 
body). Examination several weeks later 
revealed a dramatic change in the shape 
of the axon: the region just above the 
constriction had become greatly swol
len, suggesting that axoplasm had accu
mulated behind the blockade. In addi
tion, as other workers had previously 
observed in severed nerves, the portion 
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TRANSPORT OF PARTICLES toward the ceU body of a bullfrog 
neuron, or nerve ceU, through the axon, or long fiber, of the neuron 
is seen In these frames from a motion picture made by David S. For
man, Ante L Padjen and George R. Siggins at the National Institute 
of Mental Health. The movement is from right to left and is made 
visible by means of dark-field microscopy. The long, rodlike struc
tures are mitochondria; they are usuaUy stationary but do move occa-

sionaUy. The round and elliptical structures are particles that are 
thought to be multlvesicular bodies and other lysosomal structures. 
One can foUow the movement of a p articular p article: the elliptical 
one at the middle right in the first frame. Reading down the columns, 
one sees that the p article advances (the movement is by a series of 
jumps), stops for a time and finaUy reaches the point where it is about 
to go out of the picture. Axon's outer diameter is 17 micrometers. 
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of the axon distal to (beyond) the con
striction had degenerated. Weiss then 
removed the constriction and proceeded 
to clock the movement of the material 
that had accumulated behind the con
striction during the several weeks it had 
been in place. He found that the accu
mulated axoplasm progressed down the 
regenerating fibers at a constant rate of 
one or two millimeters a day, values in 
substantial agreement with the rates of 
regeneration measured by Young and 
Medawar. 

Weiss's experiments were timely be
cause it was during the next few years 
that molecular biologists undertook the 
investigations that led to a comprehen
sive understanding of protein synthe
sis. That knowledge made it quite clear 
why axoplasm must originate in the cell 
body. The cell body contains the nucle
us with its genetic material, DNA. The 
cytoplasm surrounding the nucleus is 
the only region of the neuron that con
tains all the cellular machinery needed 
to make protein. Ribosomes and the 
other structures req uired for the synthe
sis of proteins and their assembly into 
organelles are confined to the cell body 
and to the most proximal regions of the 
dendrites; they do not extend into the 

axon. Consequently no proteins can be 
synthesized within the axon and practi
cally none in the dendrites. 

Axoplasm, like the cytoplasm of other 
.f\.. cells, has an enormous number and 
variety of constituents. Proteins make 
up about 80 percent of the dry weight of 
axoplasm, with lipids (fats) and sugars 
accounting for the remainder. The thou
sands of different proteins are of many 
different kinds: some exist free in solu
tion, others are tightly embedded with 
lipids in membranes and still others are 
assembled into long, threadlike fibers. In 
spite of this chemical complexity more 
than 20 percent of the protein content 
by weight is accounted for by just three 
proteins: microtubules, neurofilaments 
and microfilaments. Each of them is a 
linear polymer, an assembly of small re
peating monomers, or protein subunits. 

Microtubules are built up of two rath
er similar subunits named alpha tubu
lin and beta tubulin. They have been ob
served in the cytoplasm of most kinds of 
cells and in cilia, the projections fring
ing some types of cells, since they were 
first described by Keith R. Porter at 
the Rockefeller Institute for Medical 
Research. Neurofilaments, first studied 

by Peter F. Davison of the Massachu
setts Institute of Technology, have re
cently been shown to contain three dif
ferent protein subunits. Neurofilaments 
are similar in microscopic appearance 
to what are called "intermediate" fila
ments in other cell types. Recent chemi
cal and immunological studies indicate, 
however, that unlike the tubulins, which 
are similar chemically in neurons and in 
other celis, the neurofilament proteins 
are different from those of intermediate 
filaments in other cells. Both microtu
buies and neurofilaments are extremely 
long, and they are oriented longitudinal
ly, parallel to the axon's long axis. 

Microfilaments are shorter. They are 
polymers of neural actin, which is chem
ically similar to but not identical with 
the actin that is one of the major con
tractile proteins of muscle. Actin was 
first extracted biochemically from ner
vous tissue by Soli Ber! and Saul Pusz
kin at the Columbia University College 
of Physicians and Surgeons. The micro
filaments in axons were shown to be 
composed of actin by Yvi J. LeBeux 
and Joan Wiliemot of Laval University 
in Quebec. Actin and other contractile 
proteins have been known for more than 
40 years to be the biochemical basis of 

CONSTRICTION EXPERIMENT done at the University of Chica
go in 1948 by Paul A. Weiss and his colleagues demonstrated that ma
terial from the cell body of a neuron moves along the axon at a steady 
rate. The experiment is depicted here schematically for a single ma
ture nerve fiber (1), with the cell body at the left and the axon leading 

away from it to the nerve terminal at the right. A constricting cuff 
was applied to the fiber (2). After several weeks the axon was swollen 
above the constriction (3) and reduced in size below it, showing that 
axoplasm (the material from the cell body) had been dammed up 
by the constriction. It flowed again (4) when the cuff was taken off. 

154 

© 1980 SCIENTIFIC AMERICAN, INC



WE ASKED OUR MATHEMATICAL MODEL 
HOW 10 IMPROVE THE ENERGY COST 
EFFECTIVENESS OF A COMBUSTION H EATING SYSTEM. 
IT 10LD US: THINK BIG. 

COv1BUSnON SvSTEMS SIZE 

THE ENERGY-SAVING 

POTENTIAL OF OVER
SIZED COMPONENTS IS 

ONE OF THE SURPRISING 
IDEAS WE'VE UNCOV
ERED IN DEVELOPING 

DIGITAL MODELS TO 
SIMULATE ENERGY CON

VERSION SYSTEMS 
UNDER ACfUAL OPER
ATING CONDITIONS. 

Just as the idea that "smaller 
is better" was beginning to gain 
universal currency, a Honeywell 
research team was getting its 
first look at data which suggested the 
opposite conclusion. 

Our research results showed 
that, in a number of situations, 
high efficiency heating systems 
consume significantly less energy 
when they are sized with a larger 
heat exchanger surface per unit 
of energy input. This indicates 
that energy efficiency problems are 

complex, requiring individual 
case engineering rather than pre
conceived generalizations. 

Engineering, however, has little 
to do with how our research 
efforts managed to stay one step 
ahead of conventional industry 
practice. The credit, in this case, goes 
to a research team headed by a 
physical chemist and a mathematician. 
With their unique combination of 
experience and skills, they developed 
a mathematical model which 
allows them actually to simulate 
and optimize the dynamics of 
a combustion heating system under 
field operating conditions. 

Although Honeywell engineer
ing is world-wide, the bulk of 
basic research and applied research 
is done in Minneapolis. The most 
recent Quality of Life Study con
ducted by Midwest Research 
Institute shows Minnesota to be one 
of the best places in the country 
to live and work considering 
cultural, social, economic, educa
tional and political factors. 

The Twin Cities is the home 

So, without having to rely on 
lengthy and expensive field 
experiments, we can evaluate current 
and new options available to any 
combustion heating system. And 
quickly get an accurate idea of 
what the cost/efficiency trade-offs are. 

This, and additional models for 
compression refrigeration equip
ment, gas- fired heat pumps, and 
process control systems, use inputs 
obtained from field measure
ments. And predictions based on 
data from these models have been 
verified by key experiments. 

The insights gained from 
mathematical models help Honeywell 
engineers develop control 
systems strategies to do a better 
job of energy management. 

In an imperfect world, the 
creation of mathematical models 
may be the key to identifying 
our most important problems. And 
solving them. 

If you are interested in learning 
more about Honeywell's research 
work in mathematical modeling, 
you are invited to correspond with 
Dr. Ulrich Bonne. If you have an 
advanced degree and are inter
ested in a career in systems analysis, 
solid state electronics, sensors, 
or material sciences, please write 
to Dr. W. T. Sackett, Vice President. 
Both may be reached at this address: 
Honeywell Corporate Technology 
Center, lO701 Lyndale Avenue South, 
Minneapolis, MN 55420. 

Honeywell 

of many of America's advanced 
technology companies employing 
a great many scientists and 
engineers. This ideal research 
environment is further enhanced 
by Honeywell's ongoing program 
of affiliation with universities 
across the country: The University 
of California at Berkeley, MIT, 
Stanford, Carnegie Mellon, Illi nois, 
Cornell, Waterloo of Ontario, 
Cal tech, and Minnesota. 
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It's true-the largest investment in 

almost any hi-fi system is frequently 

the cost of the records played on it 

... and it is equally true that a badly 

worn phono stylus tip may ruin a 

valuable (or irreplaceable) record 

in a single playing! 

With the rising cost of new 

phonograph records-and the 

difficulty of replacing treasured, 

older favorites-it's the worst kind 

of false economy to risk damaging 

them with a worn stylus. 

Check your stylus (needle) 
at least once a year 
Always insist on a Genuine 

Shure replacement stylus. 

Substitutes will not restore the 

Shure cartridge to its original 

performance standards. 

Look for the name "Shure" 
on the stylus grip. 

®U 
U 

GENUINE 

SHURE 
® 

Shure Brothers Inc., 222 Hartrey Ave., Evanston, IL 60204 
In Canada: A. C. Simmonds and Sons Limited 

Outside the U.S. or Canada, write to Shure Brothers, Inc. 
Attn: Dept. J6 for information on your local Shure distributor. 

Manufacturers of high fidelity components, microphones, 
sound systems and related circuitry. 
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the movement of muscles; they have 
only recently been recognized as conse
quential constituents of other cells [see 
"The Molecular Basis of Cell Move
ment," by Elias Lazarides and Jean 
Paul Revel; SCIENTIFIC AMERICAN, May, 
1979]. In axons the micro filaments run 
both longitudinally and circumferen
tially; often they appear to be associated 
with the axolemma. 

All three of these filamentous proteins 
Il. are carried away from the cell body 
by slow axoplasmic flow. Raymond J. 
Lasek of Case Western Reserve Uni
versity and Masanori Kurokawa of the 
University of Tokyo Medical School 
have been studying the movement of mi
crotubules, neurofilaments and micro
filaments in dorsal-root ganglion cells. 
The dorsal ganglia are groups of neu
rons situated in symmetrical pairs at 
each vertebral level along the entire 
length of the spinal cord. At the level of 
the lower back the ganglia contain cell 
bodies with a long peripheral axon that 
runs in the sciatic nerve to the leg and 
a shorter central branch that enters the 
spinal cord; the peripheral axon and the 
short branch together carry sensory in-

formation from the leg to the central 
nervous system. 

A surgically exposed dorsal-root gan
glion in an experimental animal can be 
injected with a radioactively labeled 
amino acid that becomes incorporated 
into proteins synthesized in the cell bod
ies of the neurons; the incorporation 
proceeds for only a short time after the 
injection because unincorporated amino 
acid is rapidly lost in the bloodstream. 
The animals are kept for a week to al
low transport of the radioactively la
beled proteins to take place; then a few 
are sacrificed at weekly intervals and 
the injected spinal ganglia are removed 
with both the central and the peripher
al nerves attached. The nerves contain
ing the axons are cut into consecutive 
six-millimeter segments. Each segment 
is then analyzed for the types of labeled 
proteins it contains by gel electrophore
sis carried out in detergent. The deter
gent depolymerizes the filaments into 
their simple subunits, which are then 
separated according to size by electro
phoresis. The major proteins in each of 
the axon segments can therefore be rec
ognized easily by the electrophoretic 
banding patterns, and the radioactive 

AXOPLASM is enlarged 62,000 diameters in this high-voltage electron micrograph of a rat nerve 
made hy Mark H. Ellisman of the University of California at San Diego. Included are cis
ternae and vesicles (round and elliptical bodies) and microtubules and neurofilaments (longer 
and respectively tubular and stringlike structures) in network termed microtrabecular system. 
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If you have ever taken a lux
ury sports car through a tight 
turn, you know the feeling. 
It's the sense of supreme pre
cision with which this trim, 
compact camera proclaims 
its Nikon heritage. A feeling 
that is borne out by the pro
fessional quality pictures 
the Nikon FE delivers with 
automatic ease. And one 
that, unlike other fine things 
in life, is readily affordable. 

With the Nikon n:, you can 
simply focus and shoot ... 
and rely on its Nikon elec
tronics to give you sharp, 
magnificently exposed 
photographs, automatically. 
Or, switch to manual opera
tion and enjoy complete 
creatiye control over every 
exposure, more easily than 
you ever thought possible. 

Above all, this is a camera 
that makes no compromise 
in its supreme Nikon quality. 
Stroke the advance lever, 
and feel the smoothness of 
precision gearing machined 
to microscopic tolerances. 
Press the exposure button, 
and hear the shutter respond 
with hushed precision. Look 
through the bright, silver
coated viewfinder, and see 
your picture snap into sharp 
focus with a fingertip touch. 

Know, too, that the world's 
greatest photographic sys
tem stands behind your 
Nikon FE. Add the dynamic 
firepower of motor drive, at 
up to 3.5 shots a second. 
Banish darkness with the in
genious automatic thyristor 
flash. Explore new perspec
tives through more than 60 
Nikkor lenses, the same 
superb optics chosen by 
most professionals for their 
sharpness and color fidelity. 

For the purlst: 
TheNikonFM 
For those who prefer only 
manual exposure control, the 
Nikon FM offers the reliable 
guidance of one-step elec
tronic metering. It's as com
pact and precisely responsive 
as the FE and costs even less. 
At your Nikon dealer. 
Nikon Inc., Garden City, New York 11530. 

@Nikon Inc. 1979 

fxperience 
a sense of perfection. 

Tbe "ikon ft:. 
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bands can be cut out and counted for 
radioactivity. 

Lasek and Kurokawa found that the 
three fibrillar polymers-neurofilament 
proteins, the two tubulins and actin
constitute about 80 percent of all the 
proteins moving by slow transport. The 
remaining 20 percent are diverse, con
sisting primarily of soluble enzymes of 
all kinds, and because they are numer
ous no single one appears prominent
ly enough to be distinguished as a band 
on the electrophoretograms. Therefore 
the rates of movement of microtubules, 
neurofilaments and microfilaments can 
be inferred from the banding patterns 
obtained in all the axon segments from 
ganglion cells examined at consecutive 
time intervals after the original label
ing. The electrophoretograms are a se
ries of successive still images that pro
vide a record of continuous movement 
(m uch as the pages of toy "movie" books 
provide animated images when they are 
flipped rapidly). 

The rate of slow transport appears to 
be tailored to the requirements of in
dividual axons. In dorsal-root ganglion 
cells the rates of flow are from two to 
three times faster in the longer periph
eral axon than they are in the shorter 
central one. A curious demonstration 
that axoplasmic flow is regulated by the 
length of the axon was devised by Mari
on Murray at the University of Chicago. 
Murray worked with the optic system of 
the flounder, a flatfish in which one optic 
nerve is a third longer than the other 
because both eyes are on the same side 
of the fish's head. After labeling proteins 
by injecting both eyes at the same time, 
Murray found that the material moving 
by means of axoplasmic flow reached 
the terminals of both optic nerves in the 
brain at the same time, indicating that 
there is a compensatingly faster rate of 
flow in the longer axon. 

The function of slow transport in a 
developing or a regenerating axon is to 
supply the required new axoplasm; in 
an intact mature neuron its function is 
to renew the axoplasm continuously. In 
both growing and mature neurons it de
pends on the continued synthesis of new 
proteins in the cell body. The mecha
nism of slow transport is not yet known, 
but it is generally conceived to be com
parable to the "protoplasmic stream
ing" of amoeboid motion. Axoplasm is 
pictured as being squeezed out of the 
cell body and through the axon much as 
toothpaste is squeezed out of a tube. 

The analogy is not quite accurate be
cause toothpaste and other familiar sub
stances that move hydrodynamically 
are liquids and are therefore amor
phous. There is good reason to think 
that microtubules, neurofilaments and 
microfilaments move as an extended 
cagelike structure and not individually 
as free subunits. There are several mo
lecular candidates for substances that 

MICROTUBULE 

AXOLEMMA 

����;-;;::;��-MITOCHONDRION 

NEUROFILAMENT 

".-',��-"---��_ MICROTRABECULAR 
SYSTEM 

AXOPLASMIC 
��"-''==''s��:--RETICULUM 

LYSOSOMAL 
PARTICLE 

ACTIN 
MICROFILAMENTS 

VESICLES 

INTERNAL STRUCTURE of an axon is depicted on the basis of current hypotheses. The 
fine trabeculae make up a lattice that gives the interior of the axon a gel-IiIee consistency. The 
vesicles, lysosomes and similar particles move in the axon, as the mitochondria do to a lesser ex
tent. The micromaments and microtubules are thought to playa role in fast axonal transport. 
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... is the ultimate armchair mystery. Written by a thought
research computer, it is a mind-bending journey through a 
labyrinth of ingenuity and shrewd deduction. 

In the classic manner, on a grand scale. the riddle comprises 
fifty-three simple, whimsical sentences (on such topics as the 
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puzzle THE ORACLE'S REVENGE. noting its vengeance upon 
countless thinkers. scholars. and other fools who ask more 
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might cross-link the filaments into a co
herent structure; various filament-asso
ciated proteins have been isolated bi
ochemically. More direct evidence of 
structure has come from micrographs 
made with a high-energy electron mi
croscope at the University of Colorado 
at Boulder by Porter and Mark H. Ellis
man of the University of California at 
San Diego. Their technique made it pos
sible to study thick sections of axon. 
The image of axoplasm that emerges 
is of a three-dimensional network of the 
fibrillar polymers interconnected by 
structures Porter and Ellisman call mi
crotrabeculae. 

By the mid-1960's work done in sever
al laboratories had made it clear 

that there was a more rapid component 
of transport in addition to the slow 
movement of bulk axoplasm. No single 
investigator claims this discovery. At a 
meeting in the spring of 1967 Samuel 
H. Barondes of the Albert Einstein Col
lege of Medicine in New York, Annica 
Dahlstrom of the Karolinska Institute in 
Stockholm, Bernice Grafstein of Rock
efeller University, Lasek and Sidney 
Ochs of the Indiana University School 
of Medicine all presented experimental 
evidence for the new process. 

Two general experimental approach
es were taken in an effort to character
ize this fast transport. The first, essen
tially an extension of Weiss's original 
constriction technique, was to measure 
the amounts of individual axoplasmic 
constituents that accumulate behind a 
surgically produced blockade in the 
nerve. An important series of early ex
periments was conducted by Liliana Lu
binska of the Polish Academy of Sci
ences. She and her colleagues interrupt
ed a branch of the sciatic nerve in dogs 
in two places, thereby isolating a 70-mil
limeter segment in the leg. At intervals 
after the operation the nerves were re
moved in order to measure the accumu
lation of a membrane-associated pro
tein, the enzyme acetylcholinesterase, 
in the region just above the block far
thest from the cell body. Lubinska com
pared the concentration of the enzyme 
behind the block with the concentration 
normally present along uninterrupted 
nerves. An accumulation was detected 
within two hours after the operation; the 
enzyme continued to pile up for about 
20 hours, although at a decreasing rate. 

A first approximation for the veloc
ity at which the acetylcholinesterase is 
transported was obtained by dividing 
the initial rate of accumulation (in units 
of the enzyme per day) by the normal 
axonal content (in units per millimeter). 
The estimate was about 20 millimeters 
per day, from 10 to 20 times higher than 
the rate Weiss had measured for the 
movement of bulk axoplasm. Lubinska 
realized that the true rate must actually 
be still higher, however, because the cal-
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Rufus Porter Rediscovered 
Artist, Inventor, Journalist 
1792-1884 

An exhibition organized by 
The Hudson River Museum 
which focuses on varied, 
interdisciplinary accom
plishments of Rufus Porter, 
the founder of Scientific 
American: landscape mural 
• •  • • 

paIntIngs, mInIature por-
traits, inventions and 
journalistic enterprises. 
From April 12 to July 6. 
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The book, Rufus Porter 
Rediscovered, Artist, Inventor, 
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published in soft bound edition 
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culation was based on the improbable 
assumptions that all the enzyme con
tained in the nerve is mobile and that the 
transport process is not affected by the 
injury to the nerve. Later experiments 
showed that only 10 percent of the ace
tylcholinesterase in the nerve can move, 
so that the actual rate must be at least 
10 times higher than was originally cal
culated. 

The second experimental approach 
depended on radioactive labeling of 
proteins synthesized in the cell body. 
For this kin

·
d of study the ideal neuron is 

one whose cell body is a considerable 
distance from its terminals. In addition 
to the spinal-ganglion cells already de
scribed, Weiss and his co-workers, now 
at Rockefeller University, introduced 
another useful preparation: the retinal 
ganglion cells of the eye, whose axons 
run in the optic nerve a substantial dis
tance to the optic tectum within the 
brain. Grafstein, who began her work in 
Weiss's laboratory, worked on the visual 
system of the goldfish, injecting a ra
dioactively labeled amino acid into one 
eye. The other eye served as a control 
and the two tectums were compared by 
quantitative autoradiography at inter
vals after the injection. In this method 
tissue sections are coated with a thin lay
er of photographic em ulsion. Silver salts 
in the emulsion are activated by radia
tion from any radioactive source in the 
underlying tissue and, when the emul
sion is developed, are reduced to visible 
grains of metallic silver that reveal the 
location of the emitting source. 

Grafstein detected labeling over the 
tectum innervated by retinal cells in the 
experimental eye within hours after the 
injection, although the bulk of the la
beled axoplasm reached the tectum only 
from two to three weeks later. It was 
clear, then, that proteins labeled during 
synthesis in the retina reach the brain in 
two discrete waves, one very much fast
er-moving than the other. As in the case 
of Lubiiiska's experiments, it was diffi
cult to determine the velocity of trans
port accurately from this experiment; 
not only is quantitative autoradiogra
phy somewhat imprecise but also the 
rapidly moving proteins continued to 
appear in the tectum for several days 
after they were first detected. By making 
assumptions about the peak of the first 
wave and the average length of the optic 
nerve Grafstein estimated the rate at 
from 10 to 50 millimeters per day when 
the fish were kept at room temperature. 
The rate was much higher when the fish 
were kept warmer, doubling or tripling 
for each increase in temperature of 10 
degrees Celsius. 

More precise measurements of the 
velocity of fast transport were 

achieved by studying the appearance of 
labeled proteins along the sciatic nerve 
of the cat. Ochs and Lasek, working 

FAST TRANSPORT of proteins in axons was measured after administering a radioactively la
beled amino acid to the retina of a goldfish, which contains the cell bodies of optic neurons. 
Sections of the optic tectum, where the neurons terminate, were obtained at various times and 
covered with a photographic emulsion. The greatest number of silver grains develop in the 
emulsion overlying areas of the brain that contain the highest concentration of radioactively 
labeled material. In this autoradiograph, made by Bernard W. Agranoff of the University of 
Michigan 24 hours after the injection of the amino acid into the eye, the brightness of the area 
at the right (the tectnm) indicates that much of the protein that took up the labeled material 
while being synthesized in the cell bodies of retinal neurons had been delivered to terminals. 
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SPEED OF TRANSPORT of radioactively labeled protein in the optic nerve of a goldfish is 
charted. The curve sums up the data obtained by Bernice Grafstein and her associates at Rock
efeller University from a number of fish; it indicates what percent of the labeled protein 
had arrived at the optic tectnm at each of the times represented at the bottom of the chart. 
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MOVEMENT OF A NEUROTRANSMITTER is made evident by its fluorescence wben it 
is illuminated with ultraviolet radiation in the fluorescence microscope. Annica Dahlstrom of 
the University of Goteborg, who made this fluorescence micrograph of the sciatic nerve of a 
rat, administered reserpine, which decreases the nervous system's supply of neurotransmitters. 
Such 

'
substances are normally packaged in membranous vesicles, which release their contents 

at the nerve terminal on the arrival of an electrical impulse and thereby convey a signal to an
other neuron or to a muscle cell. The reappearance of fluorescence after the administration of 
reserpine shows that new storage vesicles have formed in the cell body and have been moved 
along the axon by fast transport. Here th

'
e presence of new vesicles is shown by bright area of 

fluorescence, which is on upper (cell body) side of an axon that had been blocked for 24 hours. 
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independently, injected labeled amino 
acid into a dorsal-root ganglion: Fol
lowing an experimental procedure simi
lar to the one described above for mea
suring slow transport but sacrificing the 
animals within hours after the injection, 
Ochs and Lasek cut the sciatic nerve into 

'consecutive pieces and determined the 
distribution of radioactivity along the 
nerve. Analyses of time series of these 
distributions yielded a rate of 410 mil
limeters per day at normal body tem
perature. 

Later studies in many warm-blooded 
animals have shown that this rate is re
markably constant. It is the same in sen
sory and in motor neurons, in neurons 
that are "silent" in the absence of stimu
lation or that are spontaneously active 
and in neurons that are stimulated ex
perimentally; it is not affected by the 
length or the diameter of the axon. Since 
fast transport is an active process, it de
pends on an adequate supply of energy 
and oxygen, but it does not require the 
axon to have a continued connection to 
the cell body. This constitutes an im
portant difference between axoplasmic 
flow, which originates at the cell body, 
and axonal transport. Once material has 
been synthesized and exported into the 
axon, it moves autonomously in fast 
transport (as the experiments of Lubiti
ska and others with interrupted nerve 
segments had implied from the start). 

Grafstein and her co-workers were 
the first to characterize the labeled pro
teins that move by fast transport, which 
they extracted from the goldfish visual 
system. Unlike the slow-moving fibrillar 
polymers and soluble proteins that are 
carried by axoplasmic flow, the fast
moving proteins were found to be con
stituents of membranes. Later studies in 
other laboratories on labeled proteins 
from olfactory, sciatic and other axons 
all concur in showing that fast transport 
serves to move new membrane material 
from the cell body. Much of this materi
al is deposited along the axon, presum
ably to maintain and replace the axo
lemma; the rest of it reaches nerve end
ings, and the evidence.suggests that this 
membrane material consists of synaptic 
vesicles and their precursors. 

Some of that evidence came from 
studies by Dahlstrom on the distribution 
of neurotransmitter substances within 
neurons. She administered to rats the 
drug reserpine, which was known to de
crease the nervous system's supply of 
norepinephrine and other transmitters 
of the group known as catecholamines. 
Reserpine works by damaging some ele
ment of the mechanism whereby these 
transmitters are taken up into the mem
branous vesicles in which they are nor
mally packaged within the neuron. 
Electron-microscopic examination had 
shown that storage vesicles can be found 
throughout noradrenergic neurons (neu
rons with norepinephrine as a transmit
ter); the vesicles are sparse in the axon 

© 1980 SCIENTIFIC AMERICAN, INC



CELL BODY AXON TERMINAL 

O��-� .. : ... : .. -: -----L->-�.:.:----�--:? 'lrl 
<.::iiP--�:;;' @ --�:;;. ® ---'7�\.;;:1----:;;':;;" @---/ I::Y 

t 12 TO 14 HOURS 15 HOURS 
t 12 TO 18 HOURS 

18 TO 24 HOURS 18 HOURS 
t 

24 TO 36 HOURS 
ABOUT 30 DAYS 

COURSE OF RECOVERY of a neuron that has had its transmitter
carrying vesicles inactivated by the administration of reserpine to the 
animal is depicted. Recovery occurs through the formation of new 

vesicles (color); they move from the cell body and arrive at the times 
indicated along the axon. The recovery of full function at the ter
minal of the neuron requires approximately a month (lower /lumber). 

and are concentrated most heavily at 
nerve endings. By means of a sensitive 
new technique that reveals the presence 
of norepinephrine by fluorescence mi
croscopy, Dahlstrom first showed that 
reserpine reduced the amount of the 
transmitter or depleted it totally in all 
regions of the neuron. In other words, 
reserpine effectively inactivated all ex
isting vesicles. 

With the slate thereby wiped clean 
Dahlstrom was able next to show that 
new storage vesicles form in the cell 
body and then move by fast transport 
along the axon. When she studied the 
reappearance of fluorescence due to 
norepinephrine-filled vesicles, she found 
that recovery began within a few hours 
after a large dose of reserpine had 
been administered. The fluorescence ap
peared first in a zone right around the 
nucleus, expanded to fill the entire cell 
body and eventually reappeared in the 
axon. In constriction experiments simi
lar to Lubifiska's with acetylcholinester
ase Dahlstrom also found that fluores
cence due to transmitter in new vesicles 
appeared rapidly behind a block, indi
cating that the vesicles had accumulated 
by means of fast transport. Dahlstrom's 
experiments were of particular impor
tance because they suggested that the 
vesicles involved in neurotransmitter 
storage are important cellular constit
uents moved by fast axonal transport. 

Axonal transport moves material not 
I\. only away from the cell body but 
also in the opposite direction, from the 
axon terminals toward the cell body. 
This retrograde transport is, for exam
ple, the route by which the herpes and 
rabies viruses make their way to nerve
cell bodies, where they can multiply. 
Tetanus toxin also reaches the central 
nervous system by this route; the appre
ciable delay from the time of injury to 
the onset of tetanus symptoms is in part 
the result of the time required for ax
onal transport. Retrograde transport 
seems normally to be involved in re
turning membranes to the cell body to 
be degraded or restored. The degrada
tion of intracellular membranes is the 
function of a family of organelles called 
Iysosomes, and a major component of 
retrograde-transport traffic seems to 

be Iysosomes that have engulfed mem
brane material. 

In the course of synaptic release the 
membrane of a transmitter-containing 
vesicle fuses with the presynaptic mem
brane of the nerve terminal; the vesicle 
opens up and empties into the synaptic 
cleft its content of transmitter, which 
diffuses across the cleft to work its effect 
on the postsynaptic membrane. To re
capture the vesicle membrane the neu
ron is believed to reverse the emptying 
procedure: the synaptic membrane be
comes invaginated, and the pocket is 
pinched off to form a new vesicle. Ves
icle membrane is emptied and filled 
many times in this manner. At random, 
however, a small fraction of the vesicle 
population is taken up by Iysosomes and 
returned to the cell body. 

In the recycling process the invaginat
ing membrane encloses a small amount 
of fluid from the synaptic cleft, and by 
this means a substance introduced into 
the extracellular space in nervous tissue 
can also be taken up by nerve terminals. 
If the substance can be detected easily, it 
can be followed for evidence of uptake 
and retrograde transport. The enzyme 
horseradish peroxidase is particularly 
convenient for this purpose: it is readily 
taken up at active synaptic terminals, it 
is so large that it behaves as a discrete 
particle and it is easily detected by a 
histochemical techniq ue that prod uces a 
dark precipitate. The horseradish-per
oxidase technique was originally intro
duced by Eric Holtzman of Columbia 
University and was developed further 
by Jennifer and Matthew LeVaii of the 
University of California at San Francis
co. It has been a significant new tool for 
neuroanatomical research, above all as 
a means of tracing an axon from its ter-. 
minals to the distant cell body. 

The technique has been applied to 
great advantage for tracing hitherto un
known pathways in the brain, but it is 
hard to get quantitative results with it 
that demonstrate the kinetic properties 
of retrograde transport. Direct light-mi
croscopic observation of moving cellu
lar organelles and other particles mov
ing along living axons has been more 
fruitful for examining the rate and 
mechanism of fast transport. Because of 
the limitations of the light microscope 

this can be done only with extremely 
thin tissues such as single nerve fibers 
isolated from the animal or single nerve 
cells grown in tissue culture. More
over, only particles large enough to be 
seen with the light microscope can be 
studied. Transmitter vesicles, with a di
ameter of from .04 to .15 micrometer, 
are too small, but Iysosomes, which are 
from .2 to .6 micrometer in diameter, 
can be seen. 

Although direct microscopic observa
I\. tion of living axons was begun in 
the 1920's, only recent advances in op
tical methods and the introduction of 
cinemicrography and computer analysis 
have made it possible to examine the 
behavior of individual particles. Da
vid S. Forman and his colleagues at the 
Naval Medical Research Institute have 
shown that particles tentatively identi
fied as Iysosomes move, predominantly 
in the retrograde direction, in a discon
tinuous series of jumps. The particles 
seem to move independently of one an
other. Individual saltations cover wide
ly varying distances at a wide range of 
speeds. The average speed of retrograde 
transport, like the speed of transport 
away from the cell body, is highly de
pendent on temperature. Forman has 
compiled the rates measured by many 
investigators and found that the average 
rate of transport toward the cell body 
is from about one-half to two-thirds as 
high as the rate at which the traffic away 
from the cell body is moving. 

To investigate the movement of mem
branous organelles by fast transport my 
colleagues and I chose to focus on one 
kind of synaptic vesicle in a giant neuron 
of the marine mollusk Ap/ysia cali/orni
ca. Assured by decades of physiological 
research that the functioning of inverte
brate neurons is governed by principles 
common to neurons of all higher ani
mals [see "Small Systems of Neurons," 
by Eric R. Kandel; SCIENTIFIC AMERI
CAN, September, 1979], we work with 
Ap/ysia cells because they offer impor
tant experimental advantages. Most of 
what is known about fast transport has 
been learned from experiments with 
whole nerves; a nerve contains many 
thousands of axons whose neurons have 
varied properties, differing even in type 
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RECYCLING 

LIFE CYCLE of vesicles and other membranous organelles involved 
in the transmission of nerve signals· at a synapse (the specialized re
gion of contact between a nerve terminal and another neuron or a 
muscle cell) begins with their synthesis in the cell body. Organelles 
move outward along the axon by fast axonal transport. Some of the 

DEVELOPMENT OF VESICLES as they are transported from the 
cell body to the nerve terminal is apparent in these electron micro
graphs made by Ludmila J. Shkolnik in the author's laboratory at the 
Columbia University College of Physicians and Surgeons. They show 
various points in the giant neuron of the marine mollusk Ap/ysia cali
fomica. The vesicles, which were radioactively labeled, carry the neu
rotransmitter serotonin. The micrograph at the upper left shows sev
eral of them (arrows) in the cell body. In the next micrograph they 
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material is deposited along the axon to maintain the axolemma, the 
external membrane along which electrical signals are propagated, and 
some, including the synaptic vesicles, is delivered to the terminal. The 
material is then returned to the cell body in retrograde movement, 
also by fast transport, and there it is either restored or destroyed. 

are seen as they move along the axon. Although the vesicles are well 
formed by the time they leave the cell body, they develop further when 
they reach nerve endings, as is indicated by their different shapes in 
a micrograph (lower left) showing a terminal of a neuron. The last 
micrograph shows a synaptic terminal with an active zone (arrow) 
where vesicles release the transmitter, thereby conveying the nerve 
signal to another cell. The twisted black structures in the lower mi· 
crographs are silver grains employed in the neuron-tracing process. 
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of transmitter and vesicles. In Ap/ysia 
the transport process can be examined 
in a single neuron whose transmitter 
has been identified. In addition, Ap/ysia 
nerve-cell bodies are typically from 10 
to 100 times larger than vertebrate neu
rons, and their axons are corresponding
ly large. The large size makes possible 
the direct biochemical analysis of indi
vidual neurons or parts of neurons and 
also allows one to inject directly into a 
particular cell substantial amounts of 
radioactive precursors, drugs and pro
tein molecules too large to penetrate 
into cells if they were administered in 
the bloodstream. 

Transmitter vesicles can be detected 
and tracked if one labels either the pro
tein or lipid of their membrane envelope 
or the content of the envelope: the trans
mitter substance itself. We have done 
both in my laboratory, first at the New 
York University Medical Center and 
more recently at the College of Physi
cians and Surgeons. Richard T. Am
bron, James E. Goldman, Ariel A. Sher
bany and I microinjected a radioactive 
amino sugar that is readily incorporated 
into membrane glycoproteins and gly
colipids in the cell body of the giant ce
rebral cell, an identified Ap/ysia neuron 
whose transmitter is serotonin. The cell 
body of this neuron, which is about a 
quarter of a millimeter in diameter, is in 
the cerebral ganglion. Within the gangli
on the neuron's single axon bifurcates 
into two branches of equal size after 
running for about a millimeter; these 
branches leave the ganglion in two sepa
rate nerves, in which they travel for one 
or two centimeters before arborizing 
into numerous terminal branches that 
form synapses. 

Knowing the biochemical character
istics of the components labeled by the 
amino sugar, we can trace the fate of 
the new membrane material in several 
ways. For example, we spun cell mate
rial in a centrifuge or fractionated it 
by various other procedures that sepa
rate cellular particles according to size. 
Measurement of the radiation emitted 
by the various fractions showed that 
much of the new membrane is assem
bled within the cell body into organelles 
that are the size of transmitter vesicles. 
Staining and other histochemical tech
niques and electron-microscopic auto
radiography revealed the distribution of 
newly synthesized membrane in various 
regions of the neuron and enabled us to 
examine the life cycle of the vesicle. 

Axonal transport is only a relatively 
.£\. short episode in the life of a synap
tic vesicle. The vesicle membrane origi
nates in the cell body and the vesicles 
play their principal physiological role at 
nerve endings; between its genesis in the 
cell body and its arrival at the synapse a 
vesicle membrane undergoes several de
velopmental transformations. One ad
vantage of studying axonal transport in 
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ANTEROGRADE CHANNELS 

STATIONARY ORGANELLES 
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MOVING ORGANELLES 

MECHANISM OF FAST TRANSPORT is considered in two separate hypotheses. In the first 
model (top), originally proposed by Weiss, materials are moved passively between the microtra
beculae in the axoplasm or within tubules of the axoplasmic reticulum. The means of propul
sion could be either peristalsis (successive contractions of the wall of a channel) or the move
ment of hairlike cilia. In the model (bottom) proposed by Sidney Ochs of the Indiana Universi
ty School of Medicine and favored by the author a continuous array of fibrils in the axoplasm 
provides a tracklike structure along which the transported materials are moved by filaments. 
One end of each filament is hooked to the organelle being moved and the other end is hooked 
to a microtubule running along the axon. The movement is limited to one way on each track. 

a single neuron is the assurance that the 
various membrane structures found in 
different regions of the cell all belong to 
the same neuron. Ludmila J. Shkolnik 
and I have examined the varied appear
ance of transmitter vesicles in the cell 
body, axons and terminals of the giant 
Aplysia neuron. We have been able to 
identify populations of membranous 
structures that are characteristic of each 
region and can be related to one another 
in a coherent developmental sequence. 

The movement of labeled vesicles can 
be measured by techniques similar to 
those I described above for studying 
transport in complex nerves. Because 
the material is in the axon of a single 
neuron the kinetic characteristics one 
measures do not reflect averages of 
many different kinds of particles mov
ing along populations of axons; rather 
they are properties of a specific set of 
organelles all belonging to a single cell. 
Daniel J. Goldberg, Sherbany and I ana
lyzed the movement of vesicles in axons 
of the giant cerebral neuron by labeling 
their content of the neurotransmitter 
serotonin. We found that the vesicles, 
labeled by the microinjection of radio
active serotonin into the cell body, move 
along the axons at a constant speed of 
130 millimeters per day at room tem
perature. As in other animals, this veloc
ity is very sensitive to changes in tem-

perature. Translocation of the vesicles 
does not depend on the presence of the 
cell body: vesicles move in isolated seg
ments of axons in the same way they 
move in the intact nervous system. Our 
results so far indicate that transport in 
the molluskan axon is identical with the 
process described in other animals. 

Experiments in single neurons can 
yield information about the possible 
mechanism of fast transport. We were 
able to discover two kinetic features 
of the transport of serotonin vesicles 
that were not obvious in earlier studies 
with heterogeneous populations of ver
tebrate axons. Both features can be un
derstood if the movement of individual 
vesicles is discontinuous, occurring in 
jumps, and if a vesicle jumps only when 
it comes in contact with some force-gen
erating system. First, we found that a 
population of vesicles that starts out as a 
compact group becomes dispersed as it 
travels down the axon; the dispersion in
dicates that individual particles do not 
move in concert. In this respect fast 
transport differs from slow transport, in 
which the fibrillar constituents of axo
plasm, connected in a meshwork, all 
move together. Dispersion is apparent
ly a universal characteristic of axonal
ly transported materials. GUnter Gross, 
working at Florida State University, la
beled neuronal membrane proteins by 
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injecting a radioactive amino acid into 
the snout of the long-nosed gar pike. He 
found that the proteins spread out as 
they moved along the foot-long olfacto
ry nerve of this primitive bony fish. 

The second new feature to emerge 
from our experiments in a single Apiysia 
axon is that vesicle movement appears 
to be affected by the local concentration 
of the vesicles themselves. Under condi
tions that reduced the number of vesi
cles in the axon, the vesicles that were 
present moved at a rate lower than nor
mal. In contrast, when the concentration 
of axonal vesicles was doubled or tri
pled, the rate of transport doubled. This 
kind of kinetic behavior can be ex
plained by several mechanistic models, 
but they all have in common the fact 
that the vesicles can exist in two states 
(either moving or at rest) and that a 
longer time is spent in the moving state 
when more vesicles are present. To put 
it another way, individual vesicles take 
longer jumps under crowded conditions 
and shorter jumps when they are alone. 
This feature (which may be a peculiarity 
of Apiysia neurons, since it has yet to be 
observed in vertebrate axons) tends to 
keep a vesicle population moving along 
the axon at a constant rate. If by chance 
an exceptional vesicle pulls ahead of the 
crowd, it slows down; if sluggard vesi
cles accumulate, they tend to speed up. 

Giant neurons are ideal for studying 
the molecular mechanism of axo

nal transport because one can test agents 
that block the process specifically. The 
alkaloids colchicine and vinblastine are 
known to depolymerize microtubules. 
These drugs block fast transport in 
Apiysia giant neurons and in the small
er neurons of other animals, suggest
ing that microtubules have some role 
in the transport mechanism. The most 
likely candidates for providing the mo
tive force in transport, are actin and per
haps other contractile proteins (includ
ing myosin, which combines with actin 
to give rise to contraction in muscle but 
is present in nerve cells in much small
er amounts than actin). Conclusive evi
dence for the participation of contrac
tile proteins in fast transport is hard to 
obtain in small neurons, however, be
cause agents that block their action are 
(unlike the alkaloids) too large to pene
trate the cell's outer membrane. Micro
injection into giant neurons makes it 
possible now to test large molecules by 
introducing them directly. 

The pancreatic enzyme deoxyribonu
clease I has been shown to bind indi
vidual actin monomers, thereby de pol
ymerizing actin filaments. Actin fila
ments are also de"polymerized by anoth
er protein, an "actin-de polymerizing 
factor" purified from serum by Renee 
Norberg and Astrid Fagraeus of the 
National Bacteriology Laboratory in 
Stockholm. Goldberg, Beverly Lubit, 
David Harris and I have microinjected 

both of these proteins into Aplysia giant 
neurons and have found that each inhib
its axonal transport profoundly. Ger
hard Isenberg and Georg Kreutzberg of 
the Max Planck Institute of Psychiatry 
in M unich observed a similar result af
ter micro injecting deoxyribonuclease I 
into a giant neuron of the leech. These 
experiments implicate microfilaments, 
which are polymers of actin, in the 
mechanism of axonal transport. 

There are two popular models for ex
plaining fast transport, both of which 
might make use of microtubules, ac
tin and myosin [see illustrati on on page 
168) . In the first model, initially put for
ward by Weiss and since then elaborated 
by Bernard Droz of the Centre National 
de la Recherche Scientifique in Gif-sur
Yvette, materials are moved passively 
between the microtrabecular elements 
of the axoplasm. On this hypothesis 
membrane, either formed particulate 
organelles or sheets of membrane des
tined to be transformed into organelles, 
is translocated actively along channels 
in the axoplasm, driven either by peris
talsis (waves of contraction) or by cilia. 
Both peristalsis and ciliary action could 
be powered by the contractile proteins; 
microtubules and other eytoskeletal 
proteins would be required to keep the 
channels in proper shape or to anchor 
the cilia. 

In the other model, which I favor, a 
continuous fibrillar component in the 
axoplasm provides an essentially sta
tionary (apart from slow axoplasmic 
flow) and passive track on which par
ticulate organelles move in a stepwise 
manner. The tracks would be polar, with 
movement on any one track taking place 
in only one direction. Translocation in 
either direction would be the result of 
repeated local energy-dependent reac
tions. A familiar mechanical analogy 
would be the movement of electric 
trains: the train does not move until con
tact is made with the track. A model of 
this type was first proposed in 1 968 by 
Francis O. Schmitt of M.I.T. In 1 972 
Ochs put forward a detailed model for 
transport involving microtubules and 
filaments composed of contractile pro
teins. A filament would attach at one 
end to the organelle to be moved and 
at the other end to a microtubule run
ning along the axon. Shortening of the 
filament, like the contraction of the ac
tomyosin complex in muscle, would dis
place the organelle along the microtu
buIes; repeated or continuous displace
ment might be achieved by repetition of 
the process. 

A decade has passed without a specif
ic test that can validate one or the oth
er of these models. Given the current 
renewed interest in intracellular motil
ity in general and the availability of gi
ant neurons for introducing molecular 
probes by microinjection, it should be 
possible soon to determine the actual 
mechanism of fast axonal transport. 
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THE AMATEUR 
SCIENTIST 

Visual illusions ln random-dot 
patterns and television " " snow 

by J earl Walker 

H
uman perception seems to try to 

impose order on disorder. This 
month I shall discuss two illu

sions that are based on this tendency. 
The first illusion is an array of random 
dots that, viewed in a certain way, seem 
to form concentric circles. The other il
lusion is seen in the patterns and mo
tions on a television screen that is tuned 
to a channel over which no signal is 
being transmitted. The random "snow" 
that covers the screen can apparently be 
ordered by the visual process. 

I first became interested in random
dot displays last year when I got a let
ter from A. G. Klein of the Universi
ty of Melbourne. With his letter came 
a transparency of randomly arranged 
dots, some less than a millimeter across 
and others several millimeters. Klein 
had made the transparency by sprinkling 
graphite powder on a sheet of paper 
and then running the paper through a 

3 M transparency prod ucer. He also en
closed with his letter a photocopy of 
the transparency. 

Following instructions from Klein, I 
aligned the transparency on the copy 
and then slightly rotated the transparen
cy about a point near the center. Sud
denly the random array of dots turned 
into concentric circles centered on the 
point of rotation. The circles were not 
complete, but the illusion that they were 
there was compelling. The question is 
why my visual system thus imposed or
der on disorder. 

One can make similar transparencies 
of random dots in other ways. One way 
is to dip an old toothbrush into paint and 
then spray the paint onto a surface by 
running a finger over the bristles. You 
could spray the paint onto paper and 
make a transparency on a machine, or 
you could deposit the paint directly on a 
sheet of plastic. Alternatively you could 
insert two sheets of carbon paper be
tween a sheet of regular paper and a 
sheet of acetate. Lay the sheets of car
bon paper so that they are back to back. 

Then hit the four layered sheets repeat
edly with the bristles of a wire brush. 

The points of impact will appear as 
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identical dots on both the regular paper 
and the acetate. Photographs of sandpa
per will also work, according to D. M. 
MacKay of the University of Keele in 
England, who in 1964 reported that illu
sions of circles and spirals can be seen in 
both positive and negative photographs 
of sandpaper. Regardless of the tech
nique, a slight rotation of the two identi
cal patterns after an initial alignment 
gives rise to the illusion of concentric 
circles. 

Leon Glass of the University of Roch
ester has investigated this illusion for 10 
years. In 1969 he described some of the 
simple observations one can make with 
the random-dot patterns and speculated 
about the aspect of the perceptual sys
tem responsible for the illusion. In 1973 
Glass and Rafael Perez published the 
results of a variety of experiments with 
the random-dot patterns. They made the 
patterns with a pseudorandom-number 
generator that is available in the com
puter language Fortran. Next a com
puter chose the positions of the dots, 
which were then inscribed with a Cal
comp plotter. The plots were redrawn by 
hand and converted into transparencies. 

In some experiments the patterns on 
the paper and those on the transparen
cies were the same size, so that the align
ment of the two was precise. In other 
experiments one of the two was reduced, 
so that the alignment was close only in a 
small area. If the two patterns were at 
the same scale, Glass and Perez ob
served the same types of illusions I have 
described. If the patterns were not at the 
same scale, two types of illusion were 
possible. One resulted if the experiment
er aligned the dots in one small area and 
was careful not to rotate the transparen
cy with respect to the paper. Then the 
superposed patterns gave the appear
ance of an explosion. A slight rotation 
of the transparency with respect to the 
paper transformed the explosion into a 
form that resembled a spiral galaxy. 

Glass and Perez noted that if only a 
small section of the superposed patterns 
was visible, the illusion of circles, explo
sions or spirals either was less apparent 

or was absent. The illusions depend pn a 
correlation by the observer of the ap
propriate pairs of dots in the patterns 

(the ones that would coincide if the pat
terns were at the same scale and were 
exactly aligned). When the patterns are 
rotated, those pairs are separated. The 
observer apparently takes in the entire 
display, correlating the separated pairs. 

The correlation somehow suggests the 
ill usion. If the field of view is limited to a 
small section of the pattern, however, 
the observer either cannot correlate the 
pairs as well or the number of correla
tions is insufficient to give rise to the 
illusion. 

In another set of experiments Glass 
and Pe rez made transparent negatives 
of a pattern in such a way as to create 
white dots on a black background. The 
patterns in the two transparencies were 
the same except that one was rotated 
with respect to the other. The transpar
encies were placed in a stereoscopic pro
jector, and the observer viewed both of 
them simultaneously. The intensity of 
the light from each transparency could 
be independently controlled by a pair of 
crossed polarizing filters, one pair in 
front of each transparency. For exam
ple, if the experimenter wanted to de

crease the amount of light coming from 
the right-hand transparency, he rotated 
one polarizing filter of the pair in front 
of that transparency. 

In one of the experiments identical 
but rotated transparencies were viewed. 
As the intensity of light from one of the 
transparencies was decreased the circles 
appeared to rotate. For example, sup
pose transparency P' was initially rotat
ed clockwise with respect to transparen

cy P. Decreasing the intensity of the 
light from P' then resulted in a coun
terclockwise rotation of the illusionary 

circles. 
When the experimenters worked with 

a pair of transparencies that normally 
showed an apparent explosion, an ad
justment of the intensity of the light 
from one of the transparencies gave the 
illusion that the size of the pattern had 
changed. If the intensity of the light 
from the transparency with the larger of 
the two patterns was decreased, the pat
tern seemed to shrink. 

Glass and Perez also experimented 
with colored filters inserted in the path 
of the light coming from each transpar
ency. In this way they could give a dif
ferent color to each of the displays of 
random dots. The illusions of circles and 
other patterns remained. Moreover, if 
the intensity of one of the patterns was 
varied, the apparent motion (rotation, 
contraction or expansion) was again 
present. 

When I play with the transparency 
and its copy that Klein sent me, I first 
align the two as carefully as I can. At a 

chosen point on the transparency I press 
the tip of a pencil and gradually rotate 
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the transparency until the illusion of the 
circles begins at a large radius from the 
center of rotation. The illusion requires 
the separation of correlated dots, which 
begins at a large radius sooner than it 
does closer to the pivot point. Further 
rotation separates the dots closcr to the 
pivot point and so brings the illusion in· 
ward to the center of rotation. Eventual
ly the rotation is large enough to destroy 
the illusion. Then I see only a relatively 
dense array of random dots. 

The smaller dots were more effective 
in producing the illusion, probably be· 
cause the larger dots needed a good 
deal of rotation to achieve the proper 
amount of separation. By then many of 
the smaller dots were no longer contrib
uting to the illusion. A pair of dots made 
their best contribution when they were 
separated by a distance that was a few 
times their diameter. In the relatively 
dense areas of the pattern the illusion 
was weak because the proper amount 
of separation between correlated dots 
usually meant that other dots were near 
enough to cause confusion. 

I could adjust the direction of the cir· 
cling in the illusion by pushing with 

my thumbs at the lower end of the trans· 
parency. A push upward with my right 
thumb generated circles with their cen
ter lying to the left, a push upward with 
my left thumb generated circles with 
their center to the right. In an intermedi· 
ate adjustment I could make the lines in 
the illusion straight instead of curved. 

Rapidly sliding the transparency around 
on the copy led to an additional illusion: 
a white wave sweeping around the page. 

The white area appeared in the region 
where the dots were aligned and so gave 
no illusion of circular lines. The rest of 
the page had curved lines of some kind. 

As I slid the transparency the area of 
alignment moved over the page and 
therefore so did the white area. 

I tried to produce the illusion of cir
cles by turning the transparency over 
and aligning a few of its dots with dots 
on its copy. The alignment was poor, of 
course, except for a few dots that hap· 
pened to be about the same size and 
in approximately the right places. When 
I rotated the transparency out of this 
inadequate alignment, no illusion ap· 
peared. As I would have guessed, the 
illusion requires more than just a few 
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dots. Apparently much of the page must 
be in near alignment with its copy. As 
Glass and Perez determined, the illusion 
stems from a "global" examination of 
the dot display, not from an examina
tion of just jl few dots. 

In the same vein I can investigate how 
little of the display must be viewed in 
order to maintain the illusion. I first ad
just the transparency and its copy in or
der to produce the best illusion of cir
cles. Then I cover the transparency with 
a sheet of paper in which I have cut a 
square hole. By using different sizes for 
the hole I can see different amounts of 
the pattern. If the area of my view is 
only a few times wider than the average 
dot size, the illusion is weak or absent. If 
the area o(my view is increased to about 

20 times the dot size, the illusion can be 
discerned. I seem to observe the full illu
sion when the area of my view is at least 
50 times the dot size. 

When I lift the transparency slightly 
from the photocopied page, the illusion 

changes from concentric circles to either 
an explosion or a spiral. Glass and Perez 

created illusions of this kind by super
posing patterns that were identical ex
cept for scaling. In effect I achieve the 
same thing because the transparency is 
closer to me than the page and so ap
pears to be slightly larger than the page. 

I can also get the explosion illusion by 
holding the transparency close to a mir
ror and then viewing both the transpar· 
ency and its mirror image with one eye . 

An assortment of circles, spirals and 
explosions can be made by warping 
the transparency when it is placed over 
the photocopied page. For example, if 

I align the transparency and the photo
copy and then distort the transparency, 
about halfway up the page I can force it 
into a "hill" that extends from the page. 

The result is that the lower end of the 
display has circles, the middle has either 
spirals or explosions and the top has 
large circles. 

In addition to doing your own experi· 
ments with rotations in random· dot dis· 
plays you may want to try your hand at 
producing art from the geometric pat
terns the illusions give. If you construct 
a relatively large random·dot display 
and warp the transparent sheet appro· 
priately, you can make an illusion that 

changes with different perspectives. The 
circles and spirals vary as you move past 
the display. Probably someone has al· 
ready done this in "op art, " although I 
do not know who . 

A different kind of random-noise dis· 
play can be seen if you tune your televi· 
sion set to a channel to which no signal 
is being transmitted. The screen is filled 
with random snow picked up by the an· 
tenna. The display is one not of random 
dots but of randomly fluctuating intensi· 
ties of light on the screen. Although the 
entire screen is fluctuating in intensity, 
the fluctuations in any small area of it 
have greater contrast than the fluctua· 
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tions of the entire screen. One theref ore 
has the impression that white dots are 
darting about the screen. 

In 1961 MacKay reported several cu
rious illusions that could be seen in 
the television snow. If you stare at the 
screen, you will probably find that in the 
center of your field of view the snow
storm is f ar more intense than it is away 
f rom the center. The effect is enhanced 
if you stare with one eye instead of two. 
MacKay noted that this region of en
hanced agitation is associated with the 
f oveal area of the field of view. The f o
vea is the part of the retina that affords 
the sharpest vision, because it has the 
closest packing of photoreceptors. 

MacKay also pointed out that con
trary to what one might think a screen 
viewed with one eye seems brighter and 
more densely packed with snow than 
the same screen viewed with both eyes. 
Moreover, with binocular viewing the 
apparent spots on the screen seem to 
be more persistent and their motion 
seems to have an oilier quality. If the 
screen's intensity is reduced, its appear
ance eventually becomes about the same 
f or both kinds of viewing. At low inten
sities the screen appears to show discrete 
spots of light darting about and much of 
the f renzied quality of the movement is 
missing. 

If a finger, a loop of wire, a black cir
cle or some other such object is held in 
f ront of the screen, the spots appear to 
adhere to it, creating an illusion of a 
boundary layer at the contours of the 
object. One can even create an illusion 
of directed flow by choosing an appro
priately shaped object. If a black circu
lar loop is moved about in f ront of the 
screen, the spots of light appear to move 
with it, as if they had been lassoed. A 
moving finger seems to be pursued by a 
swarm of particles. 

Earlier (in 1957) MacKay had dem
onstrated that a grid placed on such a 
screen can help the viewer to organize 
the random visual noise into a partly 
coherent pattern. When he placed a pat
tern of radial lines on the screen, the 
white spots on the screen appeared to 
move perpendicularly to the lines and so 
seemed to be swirling around the center 
of the grid. The swirling could be either 
clockwise or counterclockwise; at times 
areas of the display appeared to be turn
ing in opposite directions. If MacKay 
rotated the grid, the pattern in the snow 
appeared to turn in the opposite sense. 

When he placed a grid of concentric cir
cles on the screen, the dots again seemed 
to move in a stream that was perpen
dicular to the lines, but this time they 
flowed radially outward f rom the center 
of the grid pattern. The pattern in the 
snow also rotated slowly about the cen
ter of the grid. In some of MacKay's 
later experiments he f ound that putting 
a ring on the screen gave the illusion of 
snow drif ting slowly around the ring. 

I made similar observations with my 

Circles in television SllOW from superposillg moire pattern No.4 

"Emission hole" in television SllOW created by pattern No.5 
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own television screen and a set of moi
re transparencies from the Edmund 
Scientific Company (101 East Glouces
ter Pike, Barrington, N.J. 08007 ). In the 
package of transparencies (Series A) 
the best effects came with patterns No. 

4 and No. 5 placed on the television 
screen. No.4 consists of a small central 
circle surrounded by radial lines; No.5 
consists of many closely ruled concen
tric circles. 

When I held No.4 on the screen, the 
center of the pattern forced the snow 
into frenzied activity and the radial lines 
made it spiral around either clockwise 
or counterclockwise. I could switch the 
apparent sense of rotation almost at 
will. To enhance the effects I adjusted 
the set's controls for brightness and 
contrast. My results were best when the 
brightness control was turned complete
ly down and the contrast control was at 
its midpoint, but only experimentation 
will determine the optimum conditions 
for other television sets. The white dots 
appeared to be on a slightly curved sur
face lying just behind the plane of the 
glass of the screen. The various features 
of the illusions were present with both 
monocular and binocular viewing. 

When I held the pattern close to one 
eye and shut the other eye, the illusion 
became extremely lively, particularly 
when I was able to reverse the flow or 

set up counterflows simultaneously. The 
flow near the edge of the screen seemed 
to be less active. If I lowered the inten
sity until the screen was almost dark, 
the organization ofthe dots decreased un
til they resembled small bugs randomly 
darting about the grid system. 

Pattern No.5 organized the snow into 
pulsations, as if the center of the pat
tern were either the source or the sink 
of radial lines. This "emission hole" ef
fect was notably intense when I held the 
transparency close to my eye. Again 
the organization disappeared when I 
lowered the intensity of the light on the 
screen from its peak level. When the in
tensity was highest, I had the strong im
pression that ripples were flowing over 
the screen; they looked much like the 
ripples produced by a pebble tossed 
into a pond. 

By slightly displacing one transparen
cy of pattern NO.4 in laying it over a 
copy of the same pattern, I was able 
to create two areas of swirling. With 
two copies of pattern No.5 I made two 
emission holes. When I carefully aligned 
the transparencies and then misaligned 
them, I could superpose the normal 
moire patterns (seen when two identical 
patterns are superposed and also slight
ly misaligned) on the organization of the 
screen noise. One of my transparencies 
had black lines, the other red. The result 

Illusion caused by slightly separating two superpased versions of pattern No.5 
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of superposing the two transparencies 
was that red lines were added on the 
organized flow of the snow. 

No one is sure why the visual process 
organizes the snow when an appropri
ate pattern is placed on the television 
screen. MacKay has suggested that the 
interaction of contour-sensing elements 
in the visual process may bring about 
the organization, but exactly how they 
do it is not known. Perhaps the elements 
in the visual network that sense the con
tours of the superposed pattern may 
then be insensitive to motion along the 
contours. As a result the observer would 
see only the motion perpendicular to 
the contours. Alternatively couplings 
of contour-sensitive elements may en
hanGe the sensitivity of the visual sys
tem to motion perpendicular to the con
tours. It is not known which explanation 
is correct, but recent work by MacKay, 

H. J. M. Gerrits and H. P. Stassen has 
shown that if the superposed pattern is 
stabilized on the retina (by means of a 
suction cup attached to the eye), the pat
tern fades and the illusion of organiza
tion in the snow diminishes. (Stabilizing 
any pattern on the retina causes it to 
fade from perception.) Therefore per
ceiving the pattern is necessary for the 
illusion. 

In 1974 R. I. MacDonald of Carleton 
University in Ottawa independently re
ported an observation about snow on a 
television set that was similar to one 
of MacKay's observations. MacDonald 
noted that when he stared at the snow 
first with both eyes and then with one 
eye, the snow appeared to move slower 
and the spots seemed to be smaller. He 
was able to reproduce the same effect 
with the random noise generated by a 
laser beam transmitted through a pair of 
ground-glass plates. As one of the plates 
was moved around in the light from the 
other plate, the light was projected onto 
a screen and examined by an observer. 

MacDonald also checked to see if this 
effect depended on the correlation of the 
eyes when both eyes were used. An ob
server viewed the screen with two card
board tubes directed so that each eye 
saw a different section of the screen. The 
observer then closed one eye. The effect 
was again present, implying that it does 
not depend on the correlation between 
the eyes when the screen is seen binocu
larly. You could check this result with 
the snow on a television screen by simi
larly employing cardboard tubes. 

As a last experiment I tried defocus
ing my eyes while watching the snow 
on my television screen. When I gently 
pressed the lower portion of my eye, the 
screen noise became significantly more 
vigorous and appeared to flow up and 
down. I assume that the pressure altered 
the shape of my eye and therefore pre
vented it from properly focusing the im
age of the screen onto my retina, put 
why this impaired focusing increased 
the intensity of the noise I do not know. 
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The Honda Prelude. 
Our idea of a sports car. 

Our idea is simple. We think a sports car 
should be nimble, stylish, economical 
to operate, and fun to drive. The fact is, we 
liked our idea so much we built the car. 
The Honda Prelude. 

To go along with the Prelude's bold, clean 
styling, we gave it a power-operated 
moonroof as standard equipment. That's our 
idea of fun. We also gave it a quartz 
digital clock, comfortable front 
bucket seats with adjustable 
headrests, steel-belted radial 
tires, electronic warning system, 
and a 5-speed stick shift. Optional this year 

1980 HONDA PREWDE 
5-SPEED 

[25] EPA EST. MPG,35 HWY. 
MPG. USE 25 MPG FOR 

COMPARISON.YOUR MILE
AGE MAY DIFFER DE
PENDING ON WEATHER, 
SPEED, AND TRIP LENGTH. 

ACTUAL HWY. MILEAGE 
WlU PROBABlY BE LESS. 
RGURES LOWER FOR CAUE 
AND HIGH ALTITUDE CARS. 

is our new fully automat
ic 3-speed transmission. 

Meanwhile, our Honda 
engineers provided 
the car with front-wheel 
drive, rack and pinion 
steering, 1751cc CVCC 

engine, and a four
wheel independent sus

pension system of advanced design. All 
this makes the Prelude one of the nimblest 
of all Hondas. 

Finally, we come to what may be the nicest 
thing of all about the Honda Prelude. 
Once you get in, you don't want to get out. 
And with a sports car, isn't 
that the whole idea? 

mm�E:lm 
We make it simple. 
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DEWAR'S® 
PROFILE 
A thirst for living ... a taste for fine Scotch. 

DAVID MANWARING 

BORN: Hendersonville, North Carolina, 
1946. 
HOME: Brooklyn, New York. 

_"PROFESSION: Theatrical artisan. 
REVIEW: His armor for Lynn 
Redgrave's "Saint Joan" is regarded 
as some of the most realistic 
costuming and props on Broadway. 
And it's typical Manwaring. 
QUOTE: "Theatre can no longer afford 
to cheat the imagination. The stage 
must compete with film and television; 
and my art must be more sophisticated 
... more authentic ... to be equally 
convincing." 
BIGGEST ACCOMPLISHMENT: The 
7'-tall flocked-latex Incredible Hulk 
costume. "It looks real, moves right. 
and folds for shipping." 
FIRST HERO: The Creature from the 
Black L agoon. "The first great 
costume; you weren't entirely sure 
there was a man inside." 
DREAM: The right tools, enough time, 
and an impossible assignment. 
SCOTCH: Dewar's "White Label."® 
Especially, straight up. "I like to sip it, 
slowly, after beating a deadline." 
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